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* ANNUAL REPORT ON

THEORETICAL AND EXPERIMENTAL STUDY OF
THERMOACOUSTIC ENGINES

.. Richard Raspet, Henry E. Bass, and W. Pat Amott
Physical Acoustics Research Laboratory
: University of Mississippi
University, Mississippi, 38677

ABSTRACT

Thclrmbacoustic engines can be used to pump heat using ‘a sound wave (refrigerator or heat-

- pump) or pump a sound wave using a temperature gradient (prime mover). The basic arrangement
is a gas-filled acoustic resonator with appropriately positioned thermoacoustic elements. Two -

- types of thermoacoustic elements are us=d in these engines. The first tyve are heat exchangers -
which are used to communicate heat between the gas' and external heat reservoirs. The second type
is the thermoacoustic engine (TAE), aiso known as a stack. The TAEs are sections of porous
media that supﬁon the temperature gradient, that transport heat on the acous;ic wave between the
exchangers, and that produce or absorbs acoustic power. Previous theoretical results in
thermoacoustics have been developed for TAES with circalar or parallel slit pore geometries. We
have developed a general linear formulation for gas-filled TAEs haviﬁg pores of arbitrary cross-

' sectional geometry. This analysis, which is very helpful in designing optimal engines, indicates
the parallel slit pore geometry optimizes hwland work flow. Included are an introductory section |
where fundamentals of thermoacoustics are briefly discussed, a summiary of our theoretical
analysis, aeoustit::ﬂ measurements of an air-filled thermoacoustic prime mover, and numerical

results for a recently constructed helium-filled prime mover.

_ INTRODUCTION
Thermoacoustics is broadly clasSiﬁed as the interaction of heat and sound. The branch of
thermoacoustics we consider is heat driven ‘oscillan'ons'o.f gas in a tube and thermoacoustic '

transport of heat. The basic amngqmént is shown in Fig. 1a where thermoacoustic elements of - .




heat cxchangérs and a TAE are shown in the gas-filled driven resonance tube. The plane wave

mode of the resonator is considered to be dominant and pressure and particle velocity have near

smnding-wavc phasing. This arrangement could be used to deliver acoustic power t§ the TAE for
| hcgt transport from cold to hot (for low temperature gradients (Tq - Tc)/d) as in a normal
: réfrigcmtor. Thcrméacoustic ’clements are sections of capillary-tube-type porous media as shown

in Fig; lb.‘ Theory for the system is built from the model for sound in a single arbitrary-perimeter
" capillary tube as shpwﬁ in Fig. lc. Some gore perimeter shapes which have been considered are
* shown in Fig. 2. Single tube radii are uscally designed to equal the frequency-dependent thermal
bouridary layer thickness &r for' optimal perfonnancc; By removing the acoustic driver" and
supplying a sufficiently high temperature gradient, the TAE produces acoustic power at the
resonant frequency of the systemn.
0bservanon§ of hcat-dnven acousti'c oscillations date back to at least the eighteenth century.
Rayleighl_ gave a qhal.itative explanation well-worth quoting: "In almost all cases where heat is
communicated to a body, expansion ensues, a.nd this expansion may be madc to do mechanical
work. If the phases of the forces thus operative be favorable, a vxbrauon may be maintained.”
Acoustic oscillations were noted to frequently occur in a capillary tube filled with helium vapor
. with one end of the tube at approximately 2 K and the other at room temperature and a dualitativc
ex?lanaﬁon similar to Rayleigh's was given.2 A fuﬁ linear, theoretical invcstigadon of heat-driven
acoustic oscﬂlanons was performed first by N. Rott3 and was explored in a series of papers
stamngm1969 Rotthasrevxcwedth:swork.‘ |
" The mcxprocal mode of operation, which uses a sound wave in a resonator to t:ransport heat
from cold to hot as in a refngerat_or, has also been of recent interest. This themoacousncv
streamiﬁg has its Mogy in acoustic streaming, which is the transport of mass by an acoustic
" wave.3 Merkli and Thomann$ found experimental verification for their theory of thermoacoustic
sm:mng in a driven resonance tube. Wheatley, Swift, Hofler, Gan'ett and others have developed

: 'the nonon that the an'angemem shown in Fig. 1a can be viewed as a thermodynamxc heat

engine. 78 Swift has expertly reviewed thxs work.9 “The thcnnodynamxc heat engine point of view




enhances the understanding of thermoacoustics and is very helpful in evaluating practical devices.

The connection between Refs. 4, 6, and 9 has been briefly explored by Rott.!10 Other references to
the early history and practitioners of thermoacoustics can be found in the review articles.®?

A common approach for the theory of sound in porous media is to envision the medium as a
collection of cirr:ula.r.capillary tubes.!! The generalization to capillary tubes of arbitrary geometry
has mcgntly been cxploréd.lz The equations and boundary conditions used in perous media
modeling and in thermoacoustics are nearly identical (thermoacoustics has an extra term
proportional to the ambient temperature gradient that occurs when evaluating the time rate of
change of the entropy). It was apparent to us that thermoacoustic ihcory’ should be cast in a
' sufficiently simple form that analysis of pore geometries other than circles? and parailel slits49
would be readily possible. | |

In particular, we have considered use of extruded ceramic monolithic catalyst supports (for
example, the ceramic used in some automobile catalytic convertors) for use in thermoacoustics on
account of their low thermal conductivity and regular squars-pore geometry.!3 This material has
main pores of diameter 1.54 mm. In addition, the walls of the main pores are porous as well, with
~ typical wall pores of dxamcter 25 um. The frequency-dependent complex propagation constant of
‘sound in the square pore ceramic was measured in related work.!4 The 'specifi; acoustic
iinpedancc ofa 49 cm long piece was measured both before and after the wall pores were filled.

* These measurements verified onr theory for sound propagation in porous wall porous media.l5
TBeTAEusedmmelecmmdmumnonwasasampleofthxscmnuc . o

. We lnve extended thermoacoustic theory to include the acoustic field quandtic§ and the
second order énergy flow for .xbunry perimeter pores.!6 Heat and work ﬂov), were compared in |
the short stack approximation to investigate the effects of pore geometry. Once the acoustical
properties of the separate theimoacousﬁc elements have been determined the elements must be
connected in series inside of a resonator as shown m Fig. la. Numerical integration of the
acousm:al equanom is used to compute field quantities in the stack since in gcneral a temperature

gradient exists fmm one end to the other.49 The physical parameters of amb:cm density,




viscosity, sound speed, thefrnal conductivity, etc, are temperature dependent and thus depend on
location within the TAE. Specific acoustic impedance and pressure translation theorems were
dcw:lopcd"5 to compute all acoustical field quartities and energy flow at each point in the
resonance tube shown in Fig. 1a
THERMOACOQUSTICS IN THE LAGRANGIAN
AND EULARIAN FLUID FRAMES

Figure 3a and 3b Elcpic:t an inviscid gas parcel oscillating between solid pasallel plates at the
extremes of motion fn the Lagrangian frame. Heat transfer can usually be neglected in normal low
frequcncy acoustics. However, for parcels near solid surfaccs heat exchange is likely to occur.
Standing wave phasing is assumed so fluid parcel displacément and pressure are in phase. The
plates have a temperature gradient along them in the direction of oscillation. The location for wall
temperature Tg is nominally the parcel equilibrium location. The magnitude of the temperature
gradient determines whed_wr heat is transferred to or rrom the gas parcel. The right end of the plate;
faces a pressure antinode and the left end a pressure node. Consider first the heat pump operation
in Fig. 3a The gas parcel is rapidly dispiaced lcft a distance d from equilibrium. During
displacement parcel pressure and hence temperature diminishes and exparsion occurs. At the left-

_rﬂ‘:ost location, the parcel is monx;ntérily still so the possibility of (slow) heat transfer from the wall

occurs, For a small wall temperature gradient, the parcel is now at a lower temperature than the
all so heat flows from the wall to the parcel. After transfer of heat dQ' from the wall to the
1, the parcel expands to the size shown by the shaded square and work is done by the parcel |
the gas to the left. This work discourages vibx'mion' of the gas to the left since that gas is in the.

(1]

xpansion part of ihe cycle. The parcel then is displaced to the right a distance 2d. Heat dQ is

transferred to the wall from the parcel, and the parcel shrihks to tﬁe size shown by the shaded

square. The parcel absorbs work from the gas to the right which is in the compressional part of the
joustic cycle. - Net beat is transported by the parcel from the wall at temperature To - AT tothe

all at temperature Tg + AT. Tt is now easy to see that heat from an exchanger at the left can be




- transported:up the temperature gradient to a heat exchanger on the right ax;d that acoustic pow‘erlis _
absorbed by the parcel.

Consider next the prime mover in Fig. 3o. The gﬁs parcel is rapidly displaced left a distance
d from equilibrium. For a large wall temperature gradient, the parcel is now at a higher
temperature than the wall so heat flows from the parcel to the wall. After aanster of heat dQ' from \
the parcel to the wall, the parcel shrinks to the size shown by the shaded square and work is
absorbed by the parcel. This work encourages vibration of th_e' gas to the left since that gas is in. ihe
expansion part of the cycle. The parcel then is displaced to thc' right a distance 2d. Heat dQ is- _'
u'ansfci'red to the parcel from the wall, and the parcel enlarges to the size shown by the shaded
square. “The parcel delivers work to the gas on the right which is in the compressional part of the 'ﬂ
acoustic cycle, thus encouraging vibration. Net heat is transported by the parcel from the wall at -
temperature To + AT to the wall at temperature T - AT. Itis. now easy Vto see that heat from an’ -
.exchanger at the nght can be transported dowp the tcmpc'amre gradient to a heat exchanger on the
left aud that acoustic power is produced by the parcel. '

Figure 4 shows the temperature disturbance for AT=0 at a ﬁx'ed‘ coordinate system (Eularian
frame;) with y-axis as shown in Fig. 3'0.‘ The excess (or acoustic) ‘temperaturbe changes due to
pressure changes of the ga§ and conduction ‘of heat to the walls. The assumed boundary condition .
for Y=#1 is that fluid and wall temperature are the same. The quantity shown is T(y)/Tad =
F(YAD) =1~ cosh{(=i)V2 At Y / 2] / coshf(~)12 A7 2], where Y = y/(2a) is a normalized
coordinate, AT = 2a (powcp/K)L'2 = 23’2 /8y is a normalized number proportional to the ratio of .
the plate spacmg 2a and thermal boundary layer thickness 8x; PO, cps and x are the gas ambient
density, isobaric heat capacxty per unit mass, and themal conducnvuy. and @ is the radxan
frequency. 16 The case shown has At = 3.2. The quantity T,d = (Y- 1) Py /(B py c?) is the
acoustic temperature (driven by the acoustic pres-ure Py) that would occur in the gas if no hc_a: '
transfer occurred as ‘m normal adiabatic éscillatioﬁ of lsound waves (Y is Cple, B is the coefﬁcient
of thermal expansxon, and c is the adiabatic sound speed). The magnitude ot‘ the excess gas

temperature nearly reachss the adiabatic sound value at’Y = 0, and dxmxmshes to zero at the gas-




-solid boundary. The phase difference between excess temperature and prossure occurs because as
the prassure increases, excess temperature increases, and particle velocity decreases (on account ot
stancing wave phasing), heat is transferred to the wall, cooling the gas. The excess temperatre is
a maximum at a time between maximum particle velocity and maximum pressure at a given
location. This ume phasing between motion and heating is a common feature of heat engines. The
excess temperature for non-zero AT is modified by convective transport of gas and by gas
viscosity.16 Analysis for the heat transierred into the wall when AT = 0 has been done.5

Consider the single pore shown in Fig. lc. Denote the first order acoustic varizbles as
follows: v(x,y,z) = ve(X,y,2) + vz(x,y,z)i“ is pém'clc velocity, Pl(z)‘is pressure, Ny(x,y,z) is
density, and T1(x,y,z) is temperature. Ambient quantities are indicated by'subscript 0. The

linearized fluid equations for constant frequency oscillations assuming a time convention exp(-iot)

are$9.16

i0po vty == 4 1 V2 vy (1)
- —iopixy.2) +a‘°°"’§;“’“” + po(x) Veva(xy,2) =0, | @
P1(x.y,2) = =po(2)-B Tiix,y,z) + %Pl(z) , A o ?)

=i @ po(z) cp T1(x,y,2) + Po(2) Cp va(x,y,2) T6z =~i @ P To P1(z) + x V2 Ti(xy,2) ». (4)

where the ransverse gradient and Lrpla.ian operators are defined by Ve - xR + /3y §-ard V42
- (az/axz + 82/ay2), and 1 is gas viscosity. In order, these equétions approximately express the

z component of the equation ¢f motion, continuity or mass conservation, equations of state for |

density, and heat transfer. Except fqr the very important term Tg,, = dTo/dz in Eq. (4), these are

T

<.'.“;. |l {%,.»\
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the equations giver: by Zwikker and Kosten!! in their solution for the propagation of sound in
- circular pores. | Equaﬁon (4) expresses Jhat the tenperature at a fixed position changes due to
motion of the ambient fluid, due to cdmpression of the gas, and due to heat conduction. Bodndary
conditions rre v(x,y,z):Gv and T(x,y,z)=0 at the pofc boundary.

The time averaged energy Slow to second order (subscript 2) is%16
Ha(2) =Qx(2) + Wa(2) = Qioss(2) )
where time averaged heat flow due to hydrodynamuc transport is

Q) = "” —==Re --A'(po cp v2(x.y,2) TI*(x,y,2) - B To vz(x,y,2) P1%(2)) dx dy; (6)

the hatﬂowbycondncﬁondownatanpcxammgm;lientis
Quose(@) = 2 Ares "ga T + (1 -9 Am itack To | M
. and the time averaged work flow (or power) is

\;lz(z) =&';L”-Re Il\*ivz(x.y;z) P1*(z) dx dy . : - | ' 8)

Hae Ares is the cross-sectional area cf the resonance tibe at point z, A is.the cross-sectional area of
a single pore, Q is porosity, Kgas and Xgack are the thermal conductivity of the gas and stack, *
indicates compiex conjugation, and Ke indicates the rea’ part of the expression. The prdduct

(Q Ares) is cross-sectional open area of the tube at position z.




Viscous and theriaal boundary layer thicknesses are given by 3y = (2':1/(9;30)“z and SK =
(Zx/wpocp)l/z. We introduce a dimensionless "shear wave number" A = R(pom/n)l orA =
R/&y, where R is a characteristic transverse dimension of the pore in Fxg. lc, and a dimensionless
thermal disturbance number lIT = R(poweg/K)12 or At = 212 R/8¢. Use of the Prandtl number
Npr = Nlcp/K gives the relation At = A Np,1/2. For definiteness, take R to be twice the ratio of the
transverse pore area to the pore perimeter so for a circular or square pore, R is the pore radius.
Consider the newly named single pore transpory function F(;;,y,l) defined by the following partial

differential equation:

2 .
F(x,y;A) + %2- V2 F(xyd) =1 , 9

subject to the l;oundary condition that F(x,y,A) = 0 at the (arbitrary perimeter) pore wall in Fig. lc.
In anticipation of later developments, averages over the pore cross-section, defined fof example by
F(A) = A"l J F(x,y;A) dx dy where A is the area of the pore cross-section; are takea. - Acoustic
particle velocity (1) and temperature (4) are given in terms of pressure and F by the relations

F(x,y:A ' -
vaxy,z) = LYiA) dP __dxzu, : 10)
iwpo S

2= L gy ey - T E )= N Fyd) B0y,

Ti(x,y,2) =
' c2poB . pow? I‘Npr
The.equation for pressure <is
go_ 4 (FQA) dPl(z) + 20 dPi(z) 2 Py -
- (A, A + k(AA)¢ Pi(z2) =0, (12)
F) @ g & e TR

where




T

a(xsxT) = 3

BTo. (F(J\T)/F(K) - 1) -
, (13)

l"Npr

and
k 2-4-— - 1) F(AT)) . ' : 14
AAT? = 5 m) (v (vy- 1) F(A1)) N | (14)

In the absence of a temperature gﬁdmt Toz = 0so a(A A7) = 0. The cdmplex wavenumber in the
pore is then given by + k which is the usual form found in‘ porous media modeling.!!
SPECIFIC ACOUSTIC IMPEDANCE AND
PRESSURE TRANSLATION THEOREMS
The specific acousnic impedance of an acoustical medium is equal to the ratio of the total
acoustic pressure and total particle velocity. The acoustic impedance is equal to the ratio of the total
acoustic pressu:e and the roral volume velocity. For porous media thc;' appropriate béundary

condition at a surface are continuity of pressure, and continuity of volume velocity or equivalently -

continuity of acoustic impedance.!6 Volume velocity is Ares Vzb = Q Ares vz where Q is the
porosity, vy is the actual particle velocity in a pore, and Vg is the average volume velocity per unit
area of' porous sample. In the analysis of thermoacoustic élcmcnts with many pores, v; is replaced
with Vzp / Q in all of the single pore equanons At boundancs between thcrmoamusnc elements,
P1(z) and Vyp(z) or eqmvalently 2(z) = P(z) / Vzb(z) are contintuous, where Z(z) is the spccxﬁc
' acoustic impedance.

- Rayleigh developed an impedance translation theorem for homogeneous fluid layers.!? The
impedance translanon theorem relates the specific acoustic impedance at one side of a layer to that
at the other. In this manner one may appliy' the theorem as many times as necessary io compute the

speciﬁi: acoustic impedance at any surface in the layered media. This translation theorem is

applicable to heat éxchangas and resonator secn'dns, but is not applicable to the stack because the

physical parameters such as density, sound speed, etc, ‘dcpend onzins ‘continuous manner on

g




account of the temperature gradient. Impedance and pressure translation theorems which take into

account the dependence of physical parameters on position were derived for the stack.!6 The

expressions are

2 g |
L8 - ke Zin(2) (1 - szt%)z)—z) + 2a(2) Z(a), (13
and
| %ﬂ.’:ﬁ = ik(z) Zini(2) %%)' s | | (o

where a(z) and k(z) are given in Eq. (13) and Eq. (i4) and

Po
Q F(\) k S _ @

Zint
is analogous to the intrinsic or characteristic impedance of a porous medium. Expressions (15) and
(16) are a set of coupled first order differential equations which can be readily sélvcd using

numerical techhiqu&s. The well-known fourth order Runge-Kutta élgorithm is a recommended

'numerical method. With given values of P1(z) and Z(z) at position z then pressure and specific

acoustic impedance are determined at z-d from use of the algorithm P1(z-d) = RK[P1(2),Z(2)] and
Z(z-d) = RK[Z(z)) where RK is symbolic notation for the Runge-Kuta algorithm.

R For thermoacoustic elemﬁ not having temperature gndimté (such as heat exchangers and
sections of the _mionaor), Rayléigh's impedance translation theorem!7 can be written for porous
media as | | '

Z(z) cos(kd) ~ i Zint sin(kd)

Z(z~d) = Zint Zine cos(kd) = i2(2) sin(kd)

(18)

10




- The pressure translation theorem is

Pl(g-d) =P1(z). (cos(kd) - ‘z(z) szn(kd)) (19)
. Hcﬁt and work flow are
Qo =4 - ‘ﬁ’pr 'fz‘((:){'zz [Re (2" {E"Ar/F) . Npr})
Ty pocp 1 Im(FTAT)+ Npe FO‘D} - BT@ Wa2) , (20)
BTo Q ® [FQA)i2 1 = Npr , .
and
Wa(z) = ég'-’t LJQIJ‘,— '2( : | " | @y

HEAT AND WORK FLOW IN. THE SHOKT ST .CK
APPROXIMATION FOR VARIOUS STACK GEOMETRIES

4 The short stack approximation was devised by Swift to get an inte:'-pretabié analytical
expression for energy flow usmg boundary layer theory. For arbitrary pore shapes, see Ref. 16.
Fxgum 1a shows the amngement for the short stack appronmauon Heat exchangcrs ae takcn &
be of neghgiblg thickness and thus not to affect near-standing wave phasing. The TAE (or s:ack)
of icngth dis assumed to be short enough that the empty tube standing wave is marginally affccmd.
The tcmperamre dxfference between opposme ends of the TAE is assumed to be much less than the
average temperature at the TAE center so that the thermophysical quastities are approximateiy
cpnstant and are evaluawd at the average temperature. TAE porosity is

o




With a rigid termination at z=0 in Fig. 1a, specific acoustic impedance, pressure, particle

velocity amplitude, particle velocity, and particle displacement amplitude and particle displacement

at z are, from Eq.( 18) and Eq. (19),
Z(z) = ~i po ¢ cor koz; | (22)
and

Pi()=Pi0) coskoz , vi(2)= %L;%sinkoz L V@) =ivia)

s | | |
ii(z)sl’lfl . Ea(2) = ~EX2) | O @abedo)

where the wavenumber in the empty tube is kg, the ®t phase between pressure and particle
displacement is due only to the choice of the coordinate system in Fig. 1a, and the actual pore
‘particle velocity and displacement are shown. When z is less than one quarter of a wavclcr{gth, '

P1(2), vi(z), and EX(z) are all greater than zero. Use of (22) and (23) in Eq. (20) gives the heat

flow at the hot end of the stack,
- S - .
@) = - QAres P%(Z) va(2) BTo Im [E"QA)EQ)]

1+ Npy

PO Cp QAres Vz(z) Im{F*(A1) + Nor F(M}
2 (1 = Npr?) [FL)2

TH Tc "(24)

&2(2)

The first term is due to conversion of acoustic pou;er to heat and this heat flows (in the TAE)
towards the'ncare.st pressure antinode. The second term is heat u'ansportcd on accbunt of the -
temperature gradient and this heat ﬂows in the direction opposite to the posmve temperature
' gradxcnt irregardless ot' the. posmon of t.he stack in the standxng wave. The terms preceding the

'12




———

temperature gradient are kind of a dynamical coetficient of thermal conduction. The TAE acts as 1

refrigerator when the first term is larger than the second. Denote by To, = (Tc — Ty)/d the
temperature gradient across the stack, and denote by " the dimensionless critical temperature

gradient ratio given by>:16

r =_Im B To ¢ tan (koz) - '-T. cp tan (kgz)

To wQy-1) % 2QpToc
In the inviscid approximation for which Npr = 0 and FQA) = 1,
.‘ N 2 ' . : . ‘ .
Qo == A A p o 2238 i -0 26)

Physically, the term /m F*(AT) is a measure of the dynamical thermal interaction between the gas
and solid. If I'<1 heat is transported from cold to hot for 2kgz <%x. According to Eq. (26), stacks
made of pores fo, which /m F*(A1)isa largé value will result in the greatest heat flow. -

| Work flcw is given generally by Eq. (21). No work is done in the region to the left of the
stack in‘Fig. 1a because in this region, pressure and Vclociiy have standing wave phasing. To
compute the work done in the stack, use is made of the impedance translatian »1=crem to get the
impedance at the right side of the stack.!6 Denote by VG = Ares Q d the ambient volume of gas in
the TAE. After some manipulation, work flow to first order in kod is

Wa(z) =~ o Ya P2 o - 1) ImF*(Ar) ~ o 221G Y2 vg v2%z) ImF'(A)
| 2poc T FQ)2

F*(Ar)F
+ 28 2y vi(a) B (T~ Ty 2 1 igp,a)}

@n
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The first and second terms, always < 0, are dissipation of potential and kinetic energy per unit time
' due to thermal and visccus diffusion processes. The third term, which is > 0 when the hot end
faces a pressure antinode, is thé acoustic power produced on account of thevtemi:e’rature gradient.
When the third term is larger than sum of the first two, the TAE produces net acoustic power. |
Work flow in the inviscid éppmximation is

Ares Q

Wa(z) = -28522 py(0)2

ToB2wd
2

Im F*(AT) cos?(kgz) (1-T) . (28)
Po Cp ' '
TAEs made of pores for which Im F* (A7) is a large value will result in the greatest work flow.
Work and heat flow are to be compared for the various pore geometries shown in Fig. 2a-2d.
In the inviscid short stack approximation, pores with a la-3e value of /m F(A)* will have the
greatest heat aud work flows as indicated by Eq. (26) and Eq. (28). According to Fig. 5, which
shows the real and unagmary parts of F(A) for the various pore geometries, the paralle! plate
geometry has the largest value of /m F(A)°. The valuc occurs for A = 3.2 which allows one to
compute the optimal cperating frequency from the relation Ac =(Popwcp/ K2R, In othcxi'vwords.
ylou can get about 10% more heat flow and work flow in thermoacoustics by choosing to make
your stack from paraliel plates rather than the qthcr pore geometries. The functional form of F(A)

for the various pore geometries is given in Ref. 16.

| DEMONSTRATION AIR-FILLED THERMOACOUSTIC PRIME MOVER
The air-filled thermoacoustic source demonstraied during the lecture is shown schematically
in Fig. 6. Heat exchangers were parallel plates of copper and the TAE is a monolithic catalyst
shppon extruded ceramic.!3-15 The two-microphone-technique impedance-tube!8 at the bottom
was removed for the demqpsuaﬁoq. The nominally quaner-wavelcngth resoﬂatof was capped at

the top with 4 rigid plate and was open at the bottom. Heat tape was wrapped around the hot end
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(the region including the tube at top and the first heat exchanger) followed by heat insulation.
Water was circulated around a jacket surrounding the cold heat exchanger. In this way, 21

temperature gradient was established across the TAE. For sufficiently high temperature gradients,

(AT = 176 K) the tube produces sound at 116 Hz. The ambient temperature Tc = 205 K. The

location z=0 is nominally a pressure node and particle chocity antinode so the specific acoustic.
impedance (equal to pressure divided by particle velocity and abbreviated by SAI) is a relative
minima for frequencies in the viciniiy of the quanzf wavelength resonance. 'All parts were made of
copper except the TAE.

* SAI measurements were made as a function of the temperature gradient across tl'lxc stack. The
real part is shown in Fig. 7 and imaginary in Fig. 8. Among other usés, these measurements are
helpful for evaiuating the possibbility of using the prime mover: as a sounq source.!9 One
interpretation of Fig. 7 is, for cxampie, that the plane wave reflection coefficient at 80 Hz and AT =
160 K is > 1 for waves incident in a tube of the same diameter as the primc mover but in the
location of the impedance tube in Fig. 6.20 Also shown as dashed lines in Fig. 7 and 8 is the
expmsion for radiation impedance for a unflanged tube.2! The expression is Zyad(®) = ~
poc[(k(;RlZ)z -1 0.6 koR] where ko = avc. To determine the frequency of oscillation, we solve for

" the value of ® such that the complex equation Zyz4(®) ‘s'- Z() measured at z=0. The operating

point AT = 176 K and fres = 116 Hz of the pnmc mover demonstrated 'is shown by the plus
symbol in Figs. 7 and 8. - . |
To validate the theoretical model, SAL denoted by Z(z=0:t) can be calculated at z=0 using

'(13) and (18). Most generally, for arbitrary termination unpedance Zq;d(mc) at z=0, the fréqucncy
of operation is determined by setting Zend(t) = Z(z=0;00¢).2 Here @ = 27tfres ~ i Afres/Q is the
complex eigenfrequency of the system where freg is the resonant frequency and Q'i's the quality

factor. Notice that @ is a function of the tube geometry and of AT. The condition. Q—es
determines AT for onset of acoustic oscillation. The complex eigenfrequency has recently been
investigated for a helium or argon-filled prime mover where the resonance tube was sealed at z=0

by a rigid cap.23 A word of caution* For prime niovers above onset, or for strongly driven




thermoacoustic refrigerators, the temperature disu'ibuu'on‘from hot fo cold is not determined by (7)
alone®16, and use caution when applying (7) to determine the tcm'peramrc_’ distribution for a non-
driven tube since thermal conductivities depend on temperature. The presence of the strong
acoustic wave inﬂucr;ces its thermal surroundings$ by hczi t:ah;poﬁ and in this sense the
thermoacoustic oscillation is an example of a self-interacting wave proccss

With the impedancs tube removed in Fiz. 6, mmm were made of the sound spebctmm
produced by the pn‘me mover. Figure 9 shows the spectnirh for the bn#ct temperature AT = 176 K
(the peak at 425 Hz was not produced by the prime mover) and for AT = 209 K. The ambient
temperature was 298 K. A Bruel and Kjaer type 4147 l/2" mzcrophone was placed at z=0 in Fig.
6 for these measurements. The electrical power delivered to the heat tape was 220 watts. The
value AT =209 K was the steady state gquilib;ium tcmpcrauu% gradient of the system where heat
supplied by the tape was balanced by the sum of the acoustic energy radiated away and dissipated

in the resonator, and the heat deposited at the cold heat exchanger due to thermoacoustic transport
plus normal heat conduction down the gradient. The acoustic power radiated at 116 Hz and AT =

209 K was estimated to be 0.25 watts. Some of the applied heat energy goes into the acoustical
energy in the band near 116 Hz, in the higher harmonics, and int.> ti2 522 3dy DC circulation of gas
due to acoustic smmmgw that occurs out of the prime mover at thc. center and returns along the
walls 25 Evidence of acoasuc streaming is indicated in Fig 9 whcrc the generally elevated
background level is due to flow induced noise. A flow vglocxty of 4 m/s was measured for the gas
exiting the central part of the prime mover It is notewortt.y that the eigefxﬁequexicies of tf}e quarter’

vwivelcngth oscillator are given by. fres(2m+1) where m=0,1.... ind the harmonics of the

' fundamental due to nonlinear processes’ are given by fi = fres 0 here n = 2,3.... . For example,

the peak at 232 Hz does not correspond to anj cigmfrequcncy of the tube, but is predicted by the
analysis of strong waves in open tubes.5 Nonlinearities in closed thermoacoustic oscillators have
also been studied.26

Figure 10 shows AT = 209 K sound pmduced by the prime mover with the mxcrophone in

the opening and 5.7 cm from the bottom (inside of the tube). At the inside point the sound
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prcssuré level is 145 dB, 116 Hz." The opening corresponds nominally to a pressure node, so the

a.cousticﬁrchure'a cos(rx/2L) where x is the distance from the top and L = 72.7 cm is the overall
length of the prime mbvcr.'_ Consqqucntly the pressure at the top is approximately 8 times the level
at 5.7 cm inside, or = i63 dB atl 16 Hz. The tube radius R = 4.32 cm is much less than the
acoustic wafrelength = 297 cm at 116 Hz, so the prime mover mouth behaves as a point source of
spherically cxpandmg waves. Figure 11 sho-vs the sound pressure level for the fundamental at
116 Hz and its harmomcs 57cm msxdc the prime mover, at the mouth, and at dxstanccs away from
the mouth. Efforts to increase the radiation efficiency of the prime mover in a given direction
would result in more radiated acoustic energy and would need to be accommodated by increasing
the temperature gradient. |
In one expenment the sound production by the prime mover was suppreéscd and it was
super-heated to AT = 285 K, well beyond the minimal onset AT = 176 K. Figure 12 shows the
time evolution of the super-heated prime mover. A microphone was placnd = 14 cm from the
mouth for this measurement. The top figure shows the first 0.6 seconds. Up to 1.4 seconds the
amplitude grows exponentially with time and beyond it begins to level off. The bottom figure is a
peak detection of the maximal pressure amplitude, the beginnings of which is shown in the top
figure. Between 1.5 and 2 seconds the prime mover ﬂgt!ers as show)vh on the bottom figure and is
apparent to an obScfver During this time the built-up heat in the hot end is used up by sound
prodncnon and thermoacoustic heat transpoit down the tempcratum gradient. After2 seconds the
prime mover maka a long transition to a steady-sme ptcssure Ievel and the temperature at the hot
end slowly dxmmnha to the steady sme equxhbnum value AT = 209 K. The time evolution of a

_non superheated prime mover has been studied by Muller, et. al27 .

NUMERICAL RESULTS FOR A HEL‘IUM-FILLED PRIME MOVER
Figiu-e 13 is a summary of the UM thermoacoustic engine. Design criteria for this tube was

that it would produce sound at as small a temperature gradient as possible given the'consg'aints on

construction of parts. After construction the TAE was put through tests to see if onset would occur
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and indeed it did. The tube was filled mostly with Helium io a pressure of 3 kPa. Appendix A
contains the programs used for the results discussed ih this sectionl.

Figure 14 shows the computed stability curve for the fundamental frequency near 308 Hz and
the 1st harmonic near 605 Hz. Ambient pressure is the horizontal axis. Temperature difference
between hot and cold ends is on the vertical axis. For temperatures below the boundary between |
stal le and unstable no gas oscillations occur. Thermal boundary layer thickness 31 =
(2x/powcp)!/2 «« @172 Py=172 where Py is the ambient pressure in the tube. For fixed mbe length \
as in the UM TAE, the boundary layer thickness can be adjusted by changing Pg. For low Po, the
boundary layer is much thicker than the pore size in the stack and heat exchangers so gas viscosity
chokes the flow. For Pp = 173 kPa the boundary layer thickness is optimal for thermoacoustic
effects and the lowest onset temperature of around 180 C occurs. One factor that greatly:
| . contributes to minimizing the onset temperature is the location of the stack and heat exchangers
relative to the lengths of the hot and cold ends. When tﬁe clements are too close to the hot end gas
particle displac?ment is small so the required temperature gradient as computed frem ¥ . (25)
becomes prohibitively large. When you try to do work on the gas it responds by changing

pressurs butonly a small particle displacement occurs. However as the elements move too close to

the éenner of the tube whgré a pressure node occurs the work done approaches 2¢r0. When you try
to do work on the 'gas at this point in tﬁc standing wave the gas responds by uﬁdergoing a large
displacement, but ‘oniy a small pressure change occurs. Somewhere between the pressure node at
the center and the particle velocity node at the end is an optimal locati for the location of the
elements. The optirnal location is closer to the end where particle velocityis less o that losses due
t0 gas viscosity are minimal. The UM TAE was designed to optimize the
" Since 81- o To0:8 =172 Py=1/2 it seems odd at first glance that

tion of the elements.

e minimuin of the first
harmonic wouid be at a higher pressure than the fundamental. The temperature dependence is in
. part due to ambient density and in part to thermal conductivity. Supposing there to exist an optimal
boundary layer thickness, then as ® is increased, Py should decrez'x#e blo balance the equation.

Ho§vcvcr, there is #0 single optimal boundary layer thickness for the tube. Viscous losses ¢an be
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defeatcd by aiming at thin boundary layers. The stack location in the UM TAE helps to minimize
viscous losses for the fundamnental, but not the first harmonic. Additionélly, particle displacement
is smaller at higher frequencies so the necessary temperature gradient [Te,| m Eq. 25)tomake I' >
1 for onset increases. (The pressure in the standing wave changes from m;ximum to minimum
over a shorter distance as the frequency increases.) Ata frcqucricy double the fundamental, the
ambient pressure must diminish by a factor of 2172 10 get thc séxmc optimal boundary layer
thickness. But according to Eq. (25) the average temperature (Ty + T¢)/2 must increase by a
factor of 2. Té offset the temperature increase, the ambient pressure must incréasc by a factor of
208, Thus it is reasonable that the ambient pressure must increase by a net amounit approximately
equal to 203 to achieve the bouncary layer thickness for optimal thcrmoaqoustié pumping of the
wave. In order to experimentally observé both modes, the TAE should be heated to a temperaiure
in the unstable region of the 1st harmonic with ihc Q of the resonant cavity so low that there is-no
oscillation of the fundamental. When the Q is increased, both modes should oscxllaxc

. Figure 15a is the l/anrvefonhe fundamental and 1st harmonic for a pressure of 173 kPa.
When 1/Q =0 the TAE is at the penlous boundary between stability and instability. For AT above
the onset value 154 6 K for the fundamental, the time evolution of the pressure follows the form
“exp(nfot/|Q|) untl nonlmcanty becomes apparent.27 The exponential growth factor for the
fundamental has a maximum at AT = 800 K. For hlghcr tcmpcraturcs the ambient temperature in

the hot end causes the ambient souna spwd. which'is ¢ @ Tol/2, to increase. As a rough guide for

t frequency of the tube, note that resonance should occur for 2ko§L.¢ .
ZkonLn = 27 or alternatively fo = 1/{2(Lc/cc + Ly/cn)] where L¢ and cc are the lengths and sound

computing the

speeds of the cold section, etc. Thus as ch increases we can view this as an effective shortening of
the hot end, which puts the elémems closer to a velocity node with concomitant decrease of
effectiveness. We can also understand tﬁe increase of the resonant frequency with tempéra;ure
shown in Fig. 15b from the equation for fo. Dispersion effects in.thc thermoacoustic clcménts are

somewhat apparent in [this figure in that the frequency of the first harmonic is not twice the
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fundamental. This difference is much moce noticeable in thc original nurabers trom which these

files were made.
GENERAL PRIME MOVER ANALYSIS USING
ENERGY SOUNDARY CONDITIONS
We have analyzed prime movers by assuming the temperature distribution in the stack from
hot to cold was simply of the form To(z) = Tomd + 2(Tohot - Tocold)/d whcrc d is stack length.

This assumption is generally mvahd for two reasons. First, even fcr temperature g gradicnts below

onset, temperature dcpcndcncc of the thermail conducuvmes of the stack and gas cause the ambient

temperature distribution to differ fmm the simple form above. This is seen in Ref. 8. Treating the
heat flow like a electrical current, the applied *emperature difference at both ends as v)oltagc, and
the stack and gas as resistors; net resistance is the parallsl combinztion of gas and stack. The gas

and stack can each individually be.considered series combinations of resistors with each resistor

* being a locally isothermal section of the stack or gas. Just as most of the voltage is dropped across

the largest resistor in a series circuit, the largest temperature gradient occurs in the stack where tie
thermai conductivity is lowest. For gzses and many materials, thermal conductivity increases vgith
temperature so the largest temperature gradients will be near the cold end of the stack. The second

reason that the assumed simple form: for the temperature distribution is invalid occurs for the prime -
mover above onset. The heat ﬂow equation (20) has a term propomonal to temperature gradient
‘and dependent on the product of pmsm and pamcle ve!ocuy This term is a dynamic cocfﬁcxcnt ,
,.ofthmml cmducnvny thatdepends on position and the square of the pressure amphtudc

For a given heat supply the prime mover can reach a steady equilibrium state, Heat supplxcd
at the hot end is converted into acousuc energy and also msporwddown the temperature gradient
to the cold end. ‘No heatis transferred from the stack to an external source or sink. Consgqucmly
the energy flow on the left hand side of Eq. (5) Hz is a constant in the stack. Merkli and
Thomann, Ref. 6. showed ‘that dH2/9z is proportional to the amount of heat transferring to the wall
at location z, and the net hat tnnsfering to the wall is naturally the integral over the same the wall

lenzth in question. Swift” uses the fact of Ha constant to determine numerically the steady state
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equilibrium of the prime mover. The prime mover cun be analyzed from a steady state perspective
as follows. Given boundary or initial conditions are: heat supplied at the hot cxchangér. the cold
end temperature, and the ambieht pressure in the tube. Determine: The acoustic pressure,
temperature at the hot cncL ard the frequency of operation. Solution: Assume an acoustic pr-essure
at the rigid cnd. of the prime mover. Assume a hot end temperature and frequency of operation.
Use impedance translation to get the pressure and impedance at the hot heat exchanger, stack
interface. Compute Hzl = heat supplied at the hot exchanger plus Hy computed from use of
equation (5). Since Hj is a constant in the stack, the value computed at the hot neat exchanger,
stzck interface is the same throughout the stack. Solve Eq. (5) for the temperature gradiem and
numerically integrate impedance, pressure, and temperature through the stack to the cold end.
' Here you must e1<) up with the temperature being equal to the cold end temperature: if not, then
some of the assumed quantitics are wrong. Assuming that the loop has determined the correct
pressure and hot end temperature, the speciﬁc acoustic impedance looking into the cold heat
exchanges must be equal to the SAI looking down the tube towards the termination at the cold end.
'f not, then the frequcncy of operztion must be adjusted and the code should stan the whole loop
over. That impedance looking each way is the same simply occurs due t0 conservation of pressure
and vqlumc velocity in the tube. A;l alternative approach, or at least a mechanism to use to chéck
for energy conservation, which has some merit fs energy con,schatipn. The hcaf cntéring the
system must be equal to-the sum of heat leavin'g at the cold end plus acoustic energy by the ﬂrs;
law of thermodynamics. .

_ , SUNDERY REMARKS
A sesies of interesting fundamental investigations have been pcrfonned using a smgle circular
tube for which the thermal boundary layer thickness was approximately equal to the tube radius.28- -
3 Th&r basic amngemcnt was a tube closed at one end by a pressure transducer and at the othef
by varymg transducers depending on the particular situation under study. The gaseous helium
filled mbe was bent to a U-shape and the U-portion was nmmcrsed in cold helium gas at

\ \
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tempcramrés in the range 4.2 to 35 K.29 The hot end. was held at room temperature. They
iavestigated the stability curve of the second tube mod=,31 the stability curve of the fuﬁdamental
mode under a variety of conditions,30 the universal properties of a thermoacoustic oscillator ::'lt the
intersection of the stability curve of the first and second modes,=9 and the uhiversal properties of 2
driven thermoacoustic os‘cillator.28 On the practical side, *hermoacoustics refrigeration has been a
recent topic of ilnvcstigation.32'35 Traveling wave thermoacoustic engines utilizing the Stirling
thermodynamic éyclc have also bezn of recent interest. 36,37

Future work might include the following. Numerically simulate the Lagrangian picture of
thcrﬁxoacoustics including viscosity and tcmpcratﬁrc gradients and a variety of capillary tube
shapes. This would enhance the intuitive ﬁndcrstanding of thetmoacoustics and would possibly
lead to new desigrs for thermoacoustic elements. Construct and analyze a prime mover where the
tubes have increasing radii from the cold to hot end so that the optimal thermal boundary layer
ﬂxiclmcss (which is temperature dependent) is achieved at all positions. Theory indicates variable
tube radii should lead to more efficient operation.34.38 A major effort could be expended in both
theoretically and experimentally determining the rolé of acoustic streaming$ in thermoacoustics.
The present theory23 of thermoacoustic streaming is only a boundary layer theory. Someone -
should bgild and investigate more thoroughly the radial-wave thermoacoustic engine.d A
comprehcnsive design program could and should be written for. thermoacoustic gngincs. given the
present state of theoretical de" slopment. Stability curves like the type described in Refs 28-31
could be determined for arrangements more typical of practical devices such as that shown in Fig.
1. We have recently completed construction of a minimal ATgnset closed helium prime mover
system which is fully instrumented and will be analyzed in the néar future. Much of the numerical
work for this system has already been done. | | .

Swifi has recently suppl‘ed me with a draft of a paper on the performance of a large |
thermoacoustic prime rnovez'.f“9 In it he establishes a first crack at the mature stage of
" thermoacoustics. Though wicl all know ﬁonlineaﬁty is a gene-al frontier at the moment, Swift and

to some extent Muller?3 were first to establish calculation techniques in thermoacoustics. As Ralph
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Goodman once said, and [ paraphrase, linear acoustics is women's work. He was paraphrasing an

Englishman himself. However, after viewing the work of women at the Univ. of Texas on
nonlinear acoustics, I think his statement should have "women's” replaced with "wimp's”. One
obvious feature of prime movers is that the large acoustic amplitudes result in harmonic
production. Swifi treated the 1st harmonic as being due to a source at the end and included the
thermoacoustic effects in a calculation. I see no reason, other than wimpdom, to quit at the first
harmonic. One must first leam how to compute the' amount of harmonic produced for a given
fundamental. Then with a stead fast relation between harmonics and the fundamental, the overall
system can be treated much in the same manner as approached by Swift. He neglected the effects
of ,thé acoustic wind (or streaming) in his calculation, but some éccounting of the energy consumed
by it should be possible. Though my statements here are very sketchy, Swift's work39 indicates
this is an appmachable frontier area of thermoacoustics. He finds satisfactory agreement in almost
all cases when linear thermoacoustics is vahd. Itis necessary to understand the nonlmear problem

if one wants to design practical high power thermoacoustic cngmes
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FIGURE CAPTIONS

f Fig. 1.  a) Generic arrangement used in thermoacoustic heat engines. b) An exposed view of a

thermoacoustic elément consisting of a parallel combination of square capillary tibes.
e A single arbxtraxy pemnetcr capillary tube for use ina the:moacousnc clement.




Fig. 2.  a) Parallel plate, b) cxrcular, ¢) rectangular, and d) equilateral triangular capillary tube
: geometries.

Fig. 3.  Lagrangian view of 2 fluid parcel in a standing wave near a boundary.

Fig. 4 Magnitude and phase of the excess temperature bctwc_cn parallel plates'.

Fig. 5.  Real and imaginary part of the F(A) different pore geometries.

Fig. 6; Demonstration thermoacoustic oscillator and analysis impedance tube.

Fiz. 7. Real partof the specxﬁc acoustic impedance at the mouth of the prime mover.
Fig. 8.  [maginary part of the specific acoustic impedance. |

¥Fig. 9.  Prime mover sound sp‘ecxrum for onset AT = 176 K and a higher AT = 209 K.

Fig. 10. Prime mover sourd spectrum for AT = 209 K in the mouth and 5.7 cm inside of the
prime mover.

Fig. 11. Spectral peaks as a function of distance from the mouth of the pnmc mover.

Fig. 12. Time evolution of the superheated prime mover.

Fig. 13. Scale drawing of the constructed UM helium filled prime mover.

Fig. 14. Stability curves for the fundamental and first harmonic for the UM TAE.

Fig. 15. a) Quality factor and b) resonant frequency for the UM TAE with ambient pressu-e 173
~ kPa '
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APPENDIX: FORTRAN PROGRAM FOR ANALYSIS OF THE UM TAE
‘ E CODE, THE CODE

~ 3 )

-l

&IF &INDEX NE 0 &GOTO -HEREWEGO '
&TYPE ENTER THE NAME OF THE PARAMS FILE WHICH DESCRIBESTHETAE. . |

-&READ ARGS

|
-HEREWESO ‘
VMFCLEAR , , 1
COPYFILE &1 PARAMS A TEMP PARAMS A (REPLACE 4
EXEC GLOBALS 1
FILEDEF 1 DISK TDATA A

FILEDEF 2 DISK TEMP PARAMS A

FILEDEF 15 DISK PRESS DATA A (RECEM V :
FILEDEF 16 DISK WORKFLOW DATA'A (RECFMV ;
FILEDEF 17 DISK HEATFLOW DATA A RECFMV : o
FILEDEF 18 DISK IMPED3D DATAA (RECFM V : . ‘
FILEDEF 19 DISK IMPEDDATAA (RECFMV

FILEDEF 20 DISK ENTHALPY DATA A (RECFM V

FILEDEF 21 DISK WORKDRIV DATA A (RECFMV

FILEDEF 27 DISK QUALREC DATA A

FILEDE< 28 DISK RESFREQ DATA A

FILEDEF 29 DISK QUALFACT DATA A

FILEDEF 30 DISK PFOSVSDT DATA A

FILEDEF 37 DISK QUALREC DATAEIG A ,
FILEDEF 38 DISK RESFREQ 'DATAEIG A ~ : ‘
FILEDEF 39 DISK QUALFACT DATAEIGA » i
FILEDEF 41 DISK T0Z DATA A 1
FILEDEF 42 DISK REIMPED DATA A RECFM V i
FILEDEF 43 DISK IMIMPED DATA A (RECFM V

FILEDEF 44 DISX STABCURV DATA A (RECFM V

* PROGRAM FOR COMPUTING PROPAGATION CONSTANTS..

*LOAD TAEUTIL ( CLEAR NOMAP START

* GENERAL PROGRAM macommmvmrwum

*LOAD TAEHE2 (CLEAR NOMAP START

* GENERAL PROGRAM, FINTTE DIFF IN STACK, mnccmnmczpmrwom

*LOAD TAEHE3 ( CLEAR NOMAP START

» GENERAL PROGRAM, FINITE DIFF IN STACK, FOR COMPUTING Z,P HEAT,WORK.

* GAS ABSORPTION IS INCLUDED IN THE OPEN TUBE SECTIONS.

*LOAD TAEHE3V2 ( CLEAR NOMAP START

* GENERAL PROGRAM, RUNGE KUTTA IN STACX, FOR COMPUTING Z P HEAT. WORK.

LOAD TAERUNGE ( CLEAR NOMAP START

¢ GENERAL PROGRAM, RUNGE KUTTA IN STACK, FOR COMPUTING ZP HEAT,WORK.
* CAN ALSO COMPUTE TRAVELING WAVES. som-:wmrormmm

*LOAD TAEHEUNG ( CLEAR NOMAP START

* GENERAL PROGRAM FOR COMPUTING Z.P HEAT,WORK. BASED ON DFIDL\MBDA

" . *LOAD TAEHEA ( CLEAR NOMAP START

* PROGRAM FOR COMPUTING THE Q FROM COMPLEX EIGENFREQUENCY.

*LOAD TAEHEQ ( CLEAR NOMAP START

* PROGRAM FOR WMQFROMWBGMEQUENCY

* USES INPUT FROM TAEHE3 AS INPUT TO START THINGS OFF WITH.

*LOAD TAEHBQZ ( CLEAR NOMAP START ,

* ALL RUNGE-KUTTA PROGRAMS ABOVE HERE ARE NOT CORRECTED. .
'PR&RAMMCOMPUHNO“EQASAFUNCHONOFMAWREINANFASY -
* WAY. USES RUNGE KUTTA INTEGRATION.

* SECOND PROGRAM IS A COMPLEX NUMBER VERSION TO GET THE COMPLEX EIG FRE.
*LOAD TAEAUTO ( CLEAR NOMAP START

*LOAD TAECAUTO( CLEAR NOMAP START

* VERSION OF TAECAUTO FOR ARR FILLED TUBES.

¢ LOAD TAECAIR ( CLEAR NOMAP START
°mmmuommvmsusumaoxusm07mm.mummmovm

* LOAD TAECBALT ( CLEAR NOMAP START

‘TAECM(NI' PRWRAMBMEDONTAECAUTONW‘EMQANDRBFREQR)R _

ot




. ONE OF RIGID, FREE, OR INFIN. INFIN IS AN INFINITE TUBE.

_* THE MONTEREY TUBE. TAKES INTO ACCOUNT THE DEF~=NDENCE ON TEMPERATURE

* WHEN COMPUTING THE THERMAL CONDUCTIVITY OF THE STACK.

*LOAD TAECMONT ( CLEAR NOMAP START

* UMTAE FORTRAN : PROGRAM FOR DESIGN OF THE UMTAE. USED TAECAUTO AS THE

* STARTING PROGRAM.

*LOAD UMTAE ( CLEAR NCMAP START

. * UMTAECH: CHECX OF UMTAE WITH MONTEREY DATA

*LOAD UMTAECH (CLEAR NOMAP START

* PROGRAM FROM TAECBALT FOR COMPUTINC THE RESPONSE OF THE DEMO TAE IN AIR

*LOAD TAEAIRD (CLEAR NOMAP START

* UMTAEV2 FORTRAN : PROG FOR DESIGN OF THE UMTAE. USED TAECAUTO AS THE

* STARTING PROGRAM.

LOAD UMTAEV2 ( CLEAR NOMAP START

ERASE TEMP PARAMS A

ERASE FILE SCRATCH A

FILEDEF *CLEAR

TAE PARAMETER FILE. ACTUAL #S OF THE UMTAE TUBE.

TAE PARAMETER FILE. ACTUAL #S OF THE UMTAE TUBE.

DEFINE THE TUBE FROM RIGHT TO LEFT. AT LEFTONE USUALLY HAS THE DRIVER

MINIMUM FREQUENCY, MAXIMUM FREQUENCY (HZ), AND NUMBER OF FREQ. POINTS.
250.000 400, 300

TERMINATION ATTHE RIGHI'ENDOF’I'HBWBE.

RIGID
AMBIENT PRESSURE IN THE TUBE AND THE DRIVER PRESSUREAMPU’I'UDE FORALL'

FREQUENCIES. PRESSURE IN PASCAL, DRIVER DISPLACEMENT IN METERS.
30005  1.D-8
NUMBER OF SECTIONS IN THE TAE. E.G. AN OPEN SECTION, RGH HEAT EXCH,
STACK, LEFT HEAT EXCH, AND ANOTHER OPEN SECTION WOULD BE 5. INTEGER.
s
sssseese DEFINITION OF SECTION 1 .
SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.
OPENTU
ELEMENTTYPE. HASMEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL, OR SUIT, Dsmmcmzm OF PORES.
suT
NUMBER OF LAYERS THIS SECTION IS BROKEN UP INTO. '
1<= NUMLAY <= 100 PRACTICALLY.
. 1
LENGTHOFTHESECTION.
METERS.

2.0-2 .
TEMPERATURE OF THE RGH END OF THE SECTION. FOR AN ISOTHERMAL SECTION
SUCH AS OPEN TUBE OR HEAT EX'CHANGERS. USETRGH:: TLEFT. KELVIN.
-~ 293.000000000000000
TEMPERATUREATTHE LEF’I'E!‘IDOP“!BSMON
SEENOTEABOVE. KELVIN. ,
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SLIT=
WIDTH, RECT=2SW A/(1+A) A>1=SIDES ASPECT RATIO, SWaSHORTEST SHMMDTH
4281D-2
ASPECT RATIO OF THE PORE. VALID FOR RECT ANGU!.AR PORESONLY.
NECESSARY ASAGENERALRULE.
1.0D0
POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROSITY = l
FOR OTHER TYPES OF SECTIONS, POROSITY <=l.
. , 1.D0 : '
END OF SECTION |1, ¢eceee boe seve
ssssvsss DEFINITION OF SECTION 2 #eoee! sos esesess
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SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.
HEXCH
ELEMENT TYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL. OR SLIT, DEFINING THE TYPE OF PORES.
sur .
NUMBER OF LAYERS THIS SECTION IS BROKEN UP INTO.
le= NUMLAY <= 100 PRACTICALLY.
1
LENGTHOFTHE SECTION.
METERS.
1.814D-2
TEMPERATURE OF THE RGH END OF THE SECTION. FORAN ISOTHERMAL SECTION
SUCHAS OPEJ TUBE OR HEAT EXCHANGERS, USE TRGH = TLEFT. KELVIN

TEMPERATURE ATTHE LEFTENDOFTHE SECTION.
SEENOTE ABOVE. KELVIN. ‘
293, »
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SUT=
WIDTH, RECT=2SW A/(1+A) A>1=SIDES ASPECT RATIO, SW=SHORTEST SEMIWIDTH.
1.118D-3
ASPECT RATIOOF THE PORE. VALID FOR RECTANGULAR PORESONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO => l ALWAYS,
1.0D0
POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROSITY = 1.
FOR OTHER TYPES OF SECTIONS, POROSITY <=1,
6400
END OF SECTION 2 .
sssevest DEFINITION OF SECTION 3
SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.
STACK
ELEMENT TYPE. HAS MEANING ONLY FOR MCHORSTACKSEC'HONTYPES.
ONE OF RECT, CYL, OR SLIT, DEFINING THE TYPE OF PORES.
RECT
NUMBER OF LA YERS THIS SECTION BBROKEN UPINTO.
1os NUMLAY <= 100 PRACTICALLY. (WAS 20 AT ONE TIME)
” '
LENGTHOFTHE SECTION.
METERS.
5.08D-2 .
TEMPERATURE OF THE RGH END OF THE SEC“ON FOR AN ISOTHERMAL SECTION
SUCHAS OPENTUBE OR HEAT EXCHANGERS, USE TRGH = TLEFT. KELVIN.

- MAWREATMIIFTENDOFTHESECHON

SEENOTE ABOVE. KELVIN..
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SLIT=

. WIDTH, RECT=2SW A/(1+A) bl-SDB ASPECT RATIO. SWxSHORTEST smmmu

JD-3 .
ASPECT RATIOOF THE PORE. VALID FOR RECTANGULAR PORES ONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO» 1 ALWAYS.
: 1.000
POROSITY OF THE SECTION. FOR OPEN TUBE. USE POROS!TY =l
FOR OTHER TYPES OF SECTIONS, POROSITY al
6900

'END OF SECTION 3. ° sesevess _ cossesesessssssese

eesssses DEFINITION OF SECTION 4 *° .
SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.
.. HEXCH
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ELEMENTTYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.

ONE OF RECT, CYL, OR SLIT, DEFINING THE TYPE OF PORES.

SLIT
NUMBER OF LAYERS THIS SECTION IS BROKEN UPINTO.

l<= NUMLAY <= 100 PRACTICALLY.

1
LENGTHOFTHESECTION.
METERS.

1.638D-2
TEMPERATU EOF THE RGK END OF THE SECHON FOR AN ISOTHERMAL SEC'I'ION
SUCH AS OFEN TUBE OR HEAT EXCHANGERS, USE TRGH =TLEFT. KELVIN.

293.
TEMPERATURE AT THE LEFT ENDOF THE SECTION.
SEENOTE ABOVE. KELVIN.

293. ‘
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SUT=
WIDTH, RECT=2SW A/(1+A) A>1=SIDES ASPECT RATIO, SW=SHORTEST SEMIWIDTH.

1.118D-3
ASPECT RATIO OF THE PORE. VALID FOR RECTANGULAR PORESONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO=> | ALWAYS.

1.0D0 .
POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROSITY = 1.
FOR OTHER TYPES OF SECTIONS, POROSITY <=1.

.640D0
END OF SECTION 4. sece
sessssss DEFINITION OF SECTION § ' seses
SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.
OPENTU
ELEMENT TYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL, OR SLIT, DEFINING'I‘HBTYPBOF"ORES.
sur

NUMBER OFLAYERS THIS SECTION IS BROKEN UP INTO.
lon NUMLAY <='100 PRACTICALLY.

1
LENGTHOFTHESECTION.

'METERS.

129
TEMPERATURE OF THE RGH END OF THE SECTION. FOR AN ISOTHERMAL SECTION
SUCH AS OPEN TUBE OR HEAT EXCHANGERS, USE TRGH = TLEFT. KELVIN. -
293 . .
TEMPERATURE AT THE LEFT END OF THE SECTION.
SEENOTE ABOVE. KELVIN.
293, K < ,
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SLIT=
WIDTH, RECT=2SW A/(1+A) A>1aSIDES ASPECT RATIO, SW~SHORTEST SEMIWIDTH.
" 4261D-2
ASPECT RATIC OF THE PORE. VALID FOR RECTANGULAR PORESONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO x> | ALWAYS.
1.0D0
POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROST!Y
FOR OTHER mt-'.s OF SECTIONS, POROSITY <=l

END OF sacnou 5. ! : sssssessassteereeses sesevese

FORTRAN CODE FOR THE UM TAE, '
The main program is the only part of this program that is specific to the UM TAE,

0380000008000 000000000¢0000004030¢30880300¢00000488000000080808400000

**SUBROUTINE SETVAL * GET THE INPUT PARAMETERS FROM AN EXTERNAL FILE*®

.“.‘....“..0““....‘.'.‘.‘.‘..0‘000..‘00.‘.“.0....“.0..‘00.‘0.‘.0

SUBRC!!TIN! SETVAL
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* VARIABLES WHICH DEFINE THE TAE.

CHARACTER *70 SECTYP(100),ETYPE(100), TERMIN

INTEGER NUMLA Y(100), NUMSEC,NUMFRE

REAL*8 DELEM(100), TRGH(100), TLEFT(100),RATIO(100)
*,ASPEC [(100), POROS(100), '
* THCON?(l(X)),HECAP(XN).PAMB.FREMlN,FREMAX.DDRlVE
INTEGER

CHARACTER DUMMY
COMMON /VARS1/ SECTYP,ETYPE,TERMIN
COMMON /VARSY NUMLAY NUMSEC,NUMFRE
COMMON /VARSY DELEM,TRGH,TLEFT,RATIO,
* ASPECT POROS,THCOND,HECAP,PAMB,FREMIN,FREMAX,DDRIVE
FORMAT (A1) :
FORMAT (A70)
2

REWIND

READ (2.1) DUMMY

READ (2,1) DUMMY - '

READ (2,1) DUMMY ~ '
READ (2,*) FREMIN,FREMAX NUMFRE

READ (2,1) DUMMY

READ 2,1) DUMMY :
READ (2,*) NUMLAY(
READ (2,1) DUMMY '
READ (2,1) DUMMY
READ (2,*) DELEM(J)
READ 1) DUMMY .
READ (2,1) DUMMY
~ READ (2,*) TRGH())
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..f??a‘...‘.........“....‘.......‘..“.“.‘.“.“..“..““.““.‘.“
* SUBROUTINE NOPAD * GETS RID OF BLANKS IN'NAMES ¢vsessssss
U..‘....“.‘...‘.‘..‘.“...‘....“........‘..‘“.‘.‘.‘..“...‘....“.‘

SUBROUTINE NOPAD(I{AME)

CHARACTER*70 OLD NEW ,NAME

CHARACTER*1 O(70),N(70)

INTEGER IJ

EQUIVALENCE (OLD,(X(1))

EQUIVALENCE (NEW,N(1))

OLD=NAME

NEWs'

L ]

I=0
DO 101a1,70
N@-'"
IF (O .NE.') THEN
Jajsl
N(=OM
ENDIF

10 CONTINUE
NAME=NEW
RETURN

‘“.‘.".....‘.‘."..‘..;..‘;.‘0‘.‘....;.0.“‘.‘.“.“.".'..“......‘
* SUBROUTINE WFLOW * COMPUTE THE WORK FLOW ATZ *¢sesessse
0000000000000 000C¢0S0000000000P0PPPS0PR00COREPCEEP0CL0ORNEOSSEOORISIOISGSS
SUBROUTINE WFLOW(P1.Z.W2) ’
REAL*S W2
COMPLEX*16 P1.Z
W2.CDABS(P1)**2 * DIMAG((0.D0,1.00v2) / 2.D0
RETURN -

880000040000 000000000000000800002000000000000000000950080000000000000000

* SUBROUTINE QFLOW * COMPUTE THE HEAT FLOW AT Z,  ¢e%¢essce
¢ THAVE ASSUMED THE COEFFICIENT OF THERMAL EXPANSION BETA=UTEMP. **
0000000000000 0000000000C00000000000009260090000000000¢¢00¢00CI000NOOND
SUBROUTINE QFLOW(POROS.P1, Z.FLAM.FLAMT, W DENS, TOZKGAS.XSOLID,Q2) -
REAL*8 POROS,DENS. TOZXGAS.KSOLID,Q2NPR.CP.GAMMA
COMPLEX*16 P1,ZFLAM FLAMT W
COMMON /PHYCON’ GAMMA NPR,CP
Q2-POROS*CDABS(P1)*CDABS(P1)2.D0
Qs(Q2°DIMAG((0.D0, l.DO)’(DCONJG(ﬂAMT)IFlAM 1 DO)I
* (POROS*Z*(1.00+NPR)) -
¢ TOZ * DENS'* CP*(FLAM*NPR +DCONIG(FL.AMT))/
. * (POROS**2 * W*(CDABS(FLAM*Z))**2*(1.D0-NPR**2)))-
* TUZ*(POROS*KGAS + (1.D0-POROS)*KSOLID)
RETURN

0800000000000 000080830000080000000000008800000¢9080000000000000000890000

* SUBROUTINE DERIVS * COMPUTE THE DERIVATIVES DZ/DZ AND DP/DZ FOR
¢ THE RUNGE-KUTTA WORK.
...‘.".."...‘..‘..‘.O.‘.‘.O......Q.O.....“..0..........".0.....000
SUBROUTINE DERIVS(ZETAZINT ALPRIM.P.Z.DPDZ.DZDZ)
COMPLEX*®16 ZETAZINT.ALPRIM,P.Z.DPDZDZDZLFACFAC2
1= (0.D0,1.D0)
FAC « ZZINT
FAC = (1.D0 - FAC*PAC)
FAC2 =1 *ZETA * ZINT
DZDZ » FAC2 * FAC + 200 * ALPRIM * Z
* FACel*ZETA * (@NT-Z°ZZINT)
* DZDZaFAC+2D0°*ALPRIM *Z
DPDZ « FAC2*P/2
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I.‘im.n.‘O....‘...‘."‘.‘.....‘..‘.‘.......‘......O..“‘OO‘...‘..‘.‘.“.
* SUB STAKPM * GET THE MANY PARAMETERS WHICH ARE TEMPERATURE DEPENDENT
* IN THE STAK. USED FOR RUNGE KUTTA INTEGRATION. :
* THE STACK IS ASSUMED TO HAVE POROUS WALLS.
0080008000000 000000 PPPEPOES0CR00R000S0CEPLOOSOPEROIREPPRBOOEIRSSEOES
SUBROUTINE STAKPM(ETYPE.W,POROUS,PAMB, T, TOZ DENS,RATIO ASPECT,
- FLAMFLAMT.ZETAALPRIMZINT)
cxwucmz-?o ETYPE
REAL*8 POROUS,PAMB.T.TOZDENS,RATIO ASPECT
COMPLEX *16 FLAM,FLAMT ZETA,ALPRIMZINT,W,LAMBDA LAMBDT
* POROUS WALL VARIABLES.
REAL*8 PORTOT.PORWALDWALLWFACT
COMPLEX*16 X1
* SUPPORTING ROLE VARIABLES. -
REAL*S SSPEED, VISC,CP,NPR GAMMA
© COMMON /PHYCON/ GAMMA,NPR CP
* SET THE POROUS WALL CONSTANTS FOR THE 200 CELL CERAMIC.
* TO TURN OFF THE POROUS WALL CALCULATION JUST LET XI=1.00 BELOW.
PORWAL = 0.49D0
DWALL = 100.D-6
PORTOT = POROUS*(1.00 + 2D0°*PORWAL *DWALL/RATIO)
WFACT = GAMMA*(PORTOT-POROUS)/(2. DO*POROUS)
* BEGIN
CALL VDCHE(T PAMB, VISC,DENS, SSPEED.KGAS)
CALL GETLAM(DENS, VISC,W RATIO.LAMBDA)
LAMBOT = DSQRT(NPR) * LAMBDA
IF (ETYPEEQ.RECT) THEN
CALL FRECT(ASPECT,LAMBDA.FLAM)
CALL FRECT(ASPECT,LAMBDT.FLAMT)

ELSE [F (ETYPEEEQ.CYL) THEN
CALL FCYL(LAMB
CALL FCYL(LAMBDT FLAMT)
ELZE [F (ETYPE.EQ.'SUT) THEN
CALL FSUT(LAMB,
CALL FSUT(LAMBUT FLAMT)
ELSE .
STOP
EBDEFP

CALL WNHEX(FLAMT FLAM,W SSPEED.ZETA)
ZINT « DENS*W / (POROUS * FLAM * ZETA) -
X1 =« GAMMA - (GAMMA-1.D0)* FLAMT
Xl=1.D0+ WPACT /X1
ZETA=ZETA* X1
zm'r-mrr/x!
= T0Z * (FLAMT / FLAM - ux)/(znoof'(wo NPR))

00522200000000.000.0o000.00000000000000000‘0000000.000000000090.000000
¢ SUBROUTINE ZPTRAN ¢ DO THE IMPEDANCE TRANSLATION THEOREM ¢®e*
¢ * DO ALSO THE PRESSURE TRANSLATION THEOREM ****
* THIS VERSION IS FOR THE [{EAT EXCHANGERS AND OPEN TUBE SECTIONS.
900000000000000000000080000000090000¢000000008900000000800000000000000
SUBROLUTINE ZPTRAN(ZINT SN,CS.ZZMD,P1,PIMD)
. COWLEX'MZ.ZMDM.SNG.CTPI PIMD,FAC
CT«CS/SN
FACeZNT/Z ~ |
2MD=ZINT ¢ (CT - (Om.lm)‘?AC)l
* (PAC*CT - (0.D0,1.D0) )
PIMD « P1 *(CS-(0.D0,1.D0) ®* PAC * SN)
RETURN

END

0600000000006 080000000000000000000000000089080030030000008000800000000

¢ SUBROUTINE ZRICID ¢* ME)ANCB OF A RIGID TERMINATION.
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C20000000000008EE000800S8CE0IPOES0ESEI0000ONIRSONNEEONIEEsETNSENERERS

SUBROUTINE ZRIGID(DENS,SSPEED, VISC,W,Z)

REAL*8 DENS SSPEED,VISC,NPR,GAMMA,CP

COMPLEX*16 ZW FAC

COMMON /PHYCON/ GAMMA NPR.CP

FAC = CDSQRT( DENS*SSPEED**2/ (W*VISC) )

Za(l m,lDO)‘DENS‘SSPEED‘FAC‘DSQRT(NPR)/(DSQRT(Z.DO)‘(GAMMA -
* 1 ono» ‘

RETURN

END

060000800008 000000580880000820080000008000038080838008000008000080¢os0ns

* SUBROUTINE WNTUBE ** WAVENUMBERS FOR WAVES IN THE OPEN TUBE PARTS.
GOS0 OPE 0000000000000 800000¢0080000200088000¢0000¢0008480¢0SERISSRRRS

SUBROUTINE WNTUBE(LAMBDA , W-, SSPEED, K)

REAL*8 SSPEED,GAMMA,NPR LAMBDA,FAC1.CP

COMPLEX*16 KW

COMMON /PH YCON/ GAMMA NPR CP

FAC1 = ( 1.D0 + (GAMMA - 1.D0)/ DSQRT(NPR) ) / DSQRT(2.D0)

K = W/SSPEED * ( 1.0 + (1.D0, 1.D0) * FAC1/ LAMBDA )

RETURN ' ‘

END

C00000000008¢0C8 000G 000000000600 0000000000000 00C0R000CCOECITPIRECRIISYS
* SUBROUTINE FTUBE * COMPUTES ALAMBDA) FOR THE RESONANT TUBE
COOOPCINEVO0CO0CPH 000 P0O00S 0000000000000 00000000000CE2040000OFSOTES
SUBROUTINE FTUBE(LAMBDAFLAM)
COMPLEX*16 LAMBDA FLAM
FLAM « 1.D0- (1.00,1.00) * DSQRT(2.0D0) / LAMBDA
. RETURN
END
C................“......‘..‘......‘..‘.‘.‘....“‘...‘.“....‘.......’

* SUBROUTINE WNHEX ** WAVENUMBERS FOR WAVES IN THE HEAT EXCHANCERS.

2000000000000 9000000000900000000000000000000000000000000G00LENNN0ESOOS

WWMWWD

AMMANPR.CP
K » W/SSPEED * COSQRT( (CAMMA - (GAMMA 1.D0Y*FLAMT)/ FLAM) |
END

ooooooooooooooooooooooocqooooooooooooooooooooooooocoooooocodoo_ooo‘oo-oo
* SUBROUTINE VDCHE ** VISCOSITY, DENSITY, AND SOUND SPEED OF HELIUM -

* AS A FUNCTION OF TEMPERATURE AND AMBIENT PRESSURE. ALSO THE THERMAL
* CONDUCTIVITY.

. . .
0000060000000 00000000000000080000030000000000000000800900000000%0¢000%00

SUBROUTINE VDCHE(TABS , PAMB, VISC , DENS , SSPEED XGAS)
REAL*S TARS,PAMB, VISC,DENS, SSPEED, GAMMA.N'PR.CP.KGAS
COMMON /FHYCON/ GAMMANPR CP .
DENS = PAMB ¢ 4.0D-3/( TABS * $.3143D0)
.# MY EXPRESSION FOR VISCOSITY.
VISC « 1.387D-5 ¢ (TABS / 273.15D0)**0.6567D0
* MY EXPRESSION POR THERMAL CONDUCTIVITY: NPR = CONSTANT.
KGAS = VISC * CP/ NPR .
¢ SWIFT'S EXPRESSION FOR VISCOSITY.
*  VISC=5.131D-7 * TABS®*.6441D0 -
* SWIFT'S EXPRESSION FOR THERMAL CONDUCTIVITY. NPR NOT CONSTANT.
® KGAS « 0.0044 * TABS**.6441D0
* NPRas VISC*CP/KGAS
SSPEED « 972.8D0 * DSQRT(TABS / 273.15D0)
RETURN ' '

O“...‘.0...‘...“‘..‘....0...‘.00.........‘.....0...‘00......0....‘.0 .

¢ SUBROUTINE FSLIT *** COMPUTES RLAMBDA) FOR PARALLEL SUTS.

.....‘....."0.“...0.....‘......00....‘..0‘.0..‘..0.0..........QO..OO

SUBROUTINE FSLIT(LAMBDA , FLAM)




- C

COMPLEX*16 LAMBDA FLAM SORMLARGUM.CTANH.AR
SQRMI = (1.0D0 , -1.0D0) / DSQRT( 2.0D0 )

AR = SQRMI * LAMBDA o

ARGUM = CDEXP(-AR)
"AR = AR/ 200

CTANH = (1.D0- ARGUM)/(XN»ARGUM)

FLAM « 1.0D0 - CTANH/ AR

RETURN v

END

'
0060000000000 RECCINOOOTOPCROITEORROO0SESTIOIIERONENBARPRCEERRIISTS

* SUBROUTINE FCYL **** COMPUTES F(LAMBDA) FOR CYLINDRICAL PORES.
S0 0000000000008 000000080000P00000tEIIEREIItEortenttteesesssesissss

COMPLEX*16 FLAM.SQRI, CBS(2)JOJ1.ARGUM LAMBDA

INTEGFRN

N2

SQRI = (1.0D0, l.ODO) / DSQRT( 2.0D0)

ARGUM = SQn! * LAMBDA :

CALL DCBINS(ARGUM N, CBS)

10 » CBS(1) ‘

11 = CBS(2)

FLAM = 1.0D0-(2.0D0 * J1 )/ ( ARGUM ¢ J0)

RETURN '

oom‘oooooooiooooooooooooooooo.oooooooooooooooopoooooooooooooooooooo
* SUBROUTINE FRECT **** COMPUTES RLAMBDA) FOR RECTANGULAR PORES.
* OPTIMIZED BY RANDY ZAGAR, 21 NOVEMBER 1991.
00.0...‘...........“...U..............‘...‘..“‘...‘......‘.......“‘
SUBROUTINE FRECT(ASPECT, LAMBDA, FLAM)
REAL'S PISQ, ASPECT, ASPSQ
REAL’S XN, XM, FAC, TMN, TNM, TMM
REAL'S TTERM, SSUM
INTEGER M, N, SUMMAX
COMPLEX®16 SUM, FLAM, YMN, YNM, YMM
COMPLEX*16 FAC], LAMBDA, TERM
DATA  PISQ/9.359604404 D0
DATA  PAC/6.57022864D-V/

FAC] = PISQ/ (LAMBDA * (100 Asracr»-'z
~ FACIR = DREAL(FAC!)
FACII = DIMAG(FAC)

ASPSQ « ASPECT ® ASPECT
SUMMAX = 3, :
SUM «(0.D0,0.D0)

—DO3IOM « 1, SUMMAX, 2
XM « DROATM) .
XM =20 * 204

TMM = XM * (ASPSQ + 1.D0)
- YMM « DCMPLX(1.D0 - FAC11 ® TMM, FACIR * TMM)
SUM = SUM + 1.D0/ (YMM * XM ¢ XM)

DO 40N = M+2, SUMMAX, 2
XN =« DFLOAT(N)
XN = XN * XN

TMN » (ASPSQ * XM » XN)
YMN = DCMPLX(1.0D0 - FAC11 ® TMN, FACIR‘TMN)

| TNM = (ASPSO * XN + XM) :
YNM = DCMFLX(1.000 - FAC11 * TNM, FACIR ¢ TNM)
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TERM = (1.D/'YMN + 1.DO/YIIM) / (XM * XN)

TTERM = TERM * DCONJG(TERM)
c SSUM a 3114 * DCONIG(SUM)
* GUARAMTEED ACCURACY FOR THE SUM TO EXPONENTZ2. E.G. SUM = SUM +~ ERROR
*WHERE | MEXPONENT/2 =« ERROR/SUM. COMPARES ON THIS LEVEL OF ACCURACY
* WITH FRECTO.

IF (TTSRM .LT. (SSUM*1.0D-10)) GOTO 30

'FLAM = SUM * FAC
RETURN
END

J......‘......‘“..“.‘.....‘..““...‘;..‘,‘....“....“.““...‘t‘.‘
* SUBROUTINE FRECTO **** CCMPUTES FLAMBDA) FOR RECTANCULAR PORES.
* OLD SLOWER VERSION.
0080800008002 000¢00000000000P0090C0RCEP8OI90000PPNGPNERERPRRNEEEEEBESEEYS
SUBROUTINE FRECTO(ASPECT , LAMBDA , FLAM)
REAL*S PLASPECT.ASPSQ
REAL*S FXN.XM.FAC
INTEGER MN SUMMAX : :
COMPLEY*16 SUM.FLAM.YMN,LAMBDA FAC1

P1 = 4.0D0 * DATAN(1.0D0)
FAC1 ~ P1 * P1/( LAMBDA * ( 1.0D0 + ASPECT ) )**2
FAC = 64.0D0/ Pl**4
ASPSQ = ASPECT * ASPECT
SUMMAX = 51
. SUM = (€.0D0, 0.0D0)
DO 30 MaSUMMAX,1,-2

YMN « 1.D0 + (0.D0,1.D0) ® FAC1 * ( SPSQ * XM + XN)
40 SUM«SUM +1.0DG/( XM * XN * YMN)
30 CONTINUE

FLAM = SUM * FAC

RETURN '

END

6000000000000 00000000000000000000E000000000008000000700000000000080008

* SUBROUTINE QUAFAC COMPUTES THE QUALITY FACTOR AND RESONANT FREQU.
.‘.......“‘...‘.....“.‘..‘......‘...".....‘““‘....‘.“‘..“.ﬂ.‘..
SUBROUTINE QUAFAC(AMP,FREQ,QRESFRE)
REAL*8 QRESFRE,AMP(2000),FREQ(2000), MAXAMP,FREHAF AMPHAF
REAL°$ AMP2(2000),FREQ2(2000),XC(3),BL(3),BU(3),XSCALE(3)
REAL*S XGUESS(3).FVALUE,FSCALE(),RPARAM(7)
INTEGER meAerﬂmurmmAmm
. COMMON /QCALC/ AMP2FREQ2Z.NUMDAT
scx;r:mumncn
[PARAM(1) = 0 -
[BTYPE=0

ISTART0
MAXAMP » 0.00

JCOUNT<0

DO 10Ja1,2000 -

IF (AMP() ‘GT. MAXAMP) THEN
MAXAMP=AMP()
RESFRE = FREQ()

JRES =1
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ENDIF
10 CONTINUE

AMPHAF=MAXAMP/DSQRT(2.DO)

DO 20 J=1,2000

IF (AMP(J) .GT. AMPHAF) THEN

FREHAF = (FREQ())+FREQ(J-1)}2.D0

Q = 0.5D0 * RESFRE / (RESFRE - FREHAF)

JHALF = J

GOTO30 |

ENDIF
20 CONTINUE
30 DO 40 J-JHALF-1JRES + JRES-JHALP) » 1

JCOUNT = JCOUNT + 1 ‘

AMP2(JCOUNT) = AMP())
40 FREQ2JOCOUNT) = FREQ()

NUMDAT = JCOUNT

XGUESS(1) = MAXAMP ,

XGUESS(2) = RESFRE ‘ ,

XGUESS() = Q

DOSO0lal3 . : :

XSCALE(J)«1.D0 , :

FSCALE(J)=1.D0

BL{J) = XGUESS(J) * .5D0
50 BU(J) = XGUESS(J) *2.D0

CALL DRCONF(FUNCT1, N, XGUESS , IBTYPE, BL, BU,

" iy a JSCALE, FSCALE, IPARAM , RPARAM, XC, FVALUE)

- MAXAMP = XC(l)
RESFRE = XC(2)
Q=XCQ)
RETURN

END

$0000000008080000000040000C8000¢0¢30C0000E000S30ERESP00RNOBIS9006ECRRSRE

SUBROUTINE FUNCT!1 FOR IMSL OPTIMIZATION

oooeoooooooooooooooooooooooooo.oooooooo.oooooooooooooocooooeoo-oooouoo
SUBROUTINE FUNCTI(N, XC, RMSERR)
~ REAL*S AMP(M)REQ(ZW).XCO).RMSERR.MAXSQR.Q,
INTEGER NUMDAT,J
COMMON /QCALL/ AMP FREQNUMDAT
MAXSQ = XC(1)*XC(1)
'R0« XC2) .
Q=XC(3)
RMSERR = 0.D0 !
DO 10 J=1 NUMDAT .
F = FREQ(J) '
RMSERR = ( MAXSQI (1.D0+ (ZDO‘Q‘(F-FO)IFU)”Z )
d - AMP(J)*AMP()))**2 + RMSERR

10 CONTINUE

RETURN
END

‘...‘.“..C‘."..‘.0....“.0“..‘.".“O.“.O..‘.‘...‘CC.O.‘.0.00“.0‘ .

N ¢S 083090 sunkom GE‘rLAM 0850044000088 40800008 ¢

.“.““.‘.‘...‘.“‘..‘.....0 LAMBDA .‘l“..‘OQ..O..QC“.".Q.Q.‘OO..’C '

SUBROUTINE GETLAM(DENS, VISC, W, R LAMBDA)
REAL*8 DENS,VISC.R

COMPLEX*16 LAMBDA,W .

LAMBDA « R * CDSQRT{ DENS * W/ VISC)

RETURN

END

' ".......‘....‘.O.C‘O.....'......O‘.‘,.......‘.CQ.......“........‘...

..0‘..‘..“.....‘...‘.“..C.‘.‘00.‘..‘.‘.C.“‘...O..0.000.......0..OO.

* VERSION 3.0 FOR HELIUM BY PAT ARNOTT, 16 FEB 91 *eesesesccessesesce
* THIS VERSION USES RUNGE KUTTA SOLUTION FOR THE DE INSIDE OF THE STAX.
* TRANSLATION THEOREMS ARE U'SED IN OPEN TUBE AND HEAT EXCHANGERS.

* W THE RADIAN FREQUENCY 1S ASSUMED COMPLEX EYERYWHERE. .
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'
P00 ENP0P00000 0P IESOESNLEIPSPPRERECESRRNISISISEEEINIGCURUSEORERNNRRERESER

SUBROUTINE TAE(FMIN,FMAX NFREQ,FOEST)
CIUMPLEX*16 W,LAMBDA LAMBDT,FOFW,FPLUS, SQRLKA
* GENERIC VARIABLES SUCH AS PHYSICAL PROPERTIES OF THE GAS.
REAL*8 SSPEED,VISC,CP, NPR.GAMMA KGAS.KSOLID,ARES
* ZDEPENDENT ARRAYS....
PARAMETER (N=5000)
REAL‘B DENS(N),TAVE®N), TOZ(N),POROUS(N),DSUB(N), ZCOOR(N),Q2(N),
W2UN)
COMPLEX‘ls ALPHA(N),K(N), COMDEN(N) FLAM(N),FLAMT(N),Z(N),P1(N)
LOGICAL INSTAK(N)
* VARIABLES WHICH DEFINE THE TAE.
CHARACTER*70 SECTYP(100),ETYPE(100), TERMIN
INTEGER NUMLAY(100), NUMSEC NUMFRE,PLOTN
~ REAL*8 DELEM(100), TRGI(100), TLEF1(100), RATIO(lOO).FRENEW
' * ASPECT(100),POROS(100),
* THCOND(100),HECAP(100),PAMB,FREMIN, FREMAX .DDRIVE,PAMBTM
* DEFINE SOME GLOBAL VARIABLES.
REAL*8 PL,TWOPLFMIN,FMAX
INTEGER NFREQ
* EXTRA VARIABLES NECESSARY FOR RUNGE KUTTA EVALUATION OFTHE PROBLEM.
COMPLEX*16 K1,K2,K3,K4 M1, M2 M3,M4,DPDZ DZDZ TFUN
COMPLEX*16 ZETA,ALPRIM,ZINT,AR,SN,C3 :
REAL*S TNS,TNSM1,FOEST,LEQUIV,RGAS,LSUM,OPL
INTEGER LJJUPJLOW,NUMTOT,NS
COMMON /PHYCON/ GAMMA NPR,CP
COMMON /VARS1/ SECTYP.ETYPE,TERMIN
COMMON /VARSY NUMLA Y, NUMSEC.NUMFRE
COMMON /VARSY DELEM, TRGH,TLEFT,RATIO,
* ASPECT,POROS,THCOND,HECAP,PAMB,FREMIN, FREMAX,DDRIVE
COMMON /OUTPUT/ P1,Z,Q2,W2,ZCOOR,INSTAK
* ESTABLISH SOME OFTEN USED CONSTALTS.
. Pl=d4.D.-* DATAN(1.DO) .
TWOPL =« 2D0* 1
NPR = 2.D0/3.D0
GAMMA « 5.D0/3.D0
RGAS = §.3143D0 * 1000,0D0 / 4.D0
CP = 2.5D0 * 8.3143D0/ 4.D-3
KSOLID = 0.16
SQRI = (1.D0,1.D0) / DSQRT(2.D0)
* GET DETAILS OF THETAE.
CALLSETVAL
ARES = PI * RATIO(NUMSEC)**2
* ESTIMATE THE RESONANT FREQUENCY FROM THE LENGTH ANDSOUND SPEED Dm
LSUM=0.D0 -
OPL =00
DO 1 Jul NUMSEC
LEQUIV = DELEM(J) * POROS(J)
*  LEQUIV = DELEM())
LSUM « LSUM + LEQUIV
: MDSQRT(GAWA'RGASW(D)‘Q D0+TRGH(I)m.Er-T (Hy4.D0
1' OPL = OPL + SSPEED*LEQUIV
FOEST « OPL/ (2.D0 * LSUM**2)
* COUNT THE NUMBER OF BINS USED....-
NUMTOT = 0
DO 10«1 NUMSEC
10 NUMTOT = NUMTOT + NUMLAY())
NUMTOT = NUMTOT + 1
FMIN » FREMIN ,
FMAX « FREMAX
NFREQ « NUMFRE
RETURN
*  AMBIENT PRESSURE VARIATION IS HARDWIRED IN HERF.
MY TAE! (W JFOFW FPLUS,PAMBTM)
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PAMB = PAMBTM
* GET THE SPECTFIC ACOUSTIC IMPEDANCE AND PRESSURE AT ALL POINTS.
* START AT THE RIGHT AND MOVE TO THE LEFT.
IF (TERMIN EQ. RIGID) THEN
CALL VDCHE(TRGH(NUMSEC),PAMB, VISC,DENS(NUMTOT),SSPEED,KGAS)
CALL ZRIGIDXDENS(NUMTOT),SSPEED, VISC,W Z(NUMTOT))
ELSE IF (TERMIN .EQ. FREE) THEN
CALL VDCHE(TRGH(NUMSEC),PAMB, VISC,DENS(NUMTOT),SSPEED,KGAS)
CALL GETLAM(DENS(UMTOT),VISC, W, RATIONNUMSEC),LAMBDA)
CALL WNTUBE(LAMBDA, W SSPEED,K(NUMTOT)) ,
KA = K(NUMTOT) * RATIO(NUMSEC)
Z(NUMTOT) = SSPEED*DENS(NUMTOT)*KA *(KA/4.D0 - (0.0D0,0. 6D0)
ELSE IF (TERMIN .EQ. INFIN) THEN
CALL VDCHE(TRGH(NUMSEC),PAMB, VISC,DENS(NUMTOT),SSPEED,KGAS)
CALL GETLAM(DENS(NUMTOT), VISC,W,RATIO(NUMSEC),LLAMBDA)
CALL FTUBE(LAMBDA FLAM(NUMTOT))
CALL WNTUBE(LAMBDA,W SSPEED K(NUMTOT))
mZ(NUMlol ) = DENS(NUMTOT) * W / (FLAM(NUMTOT) * K(NUMTOT))

STOP
ENDIF
PI(NUMTOT) = 1.D0
* APPLY THE IMPEDANCE AND PRESSURE TRANSLATION THEOREMS EVERYWHERE. .
* WORK FROM RIGHT TO LEFT.
DO 40 [-NUMSEC,1,-1
JUP =0
DO 50 I=l+1 NUMSEC
S0 JUP = JUP + NUMLAY())
JUP = NUMTOT -JUP- 1
JLOW = JUP - NUMLAY(T) + 1
DSUB(JUP) = DELEM®@)/ NUMLAY()
POROUSJUP) = POROS()
* IMPEDANCE TRANSLATE FOR THE OPEN TUBE OR HEAT EXCHANGER SECTIONS.
IF (SF:!‘YP(D.EQ.DPBH‘U‘ .OR. SECTYP(I).EQ ' HEXCH') THEN
VDGMTRGWAMB.VISC.DB!S(JUP).SSPEBJ.KGAS)
TAVEQJUP) =« TRGH(D)
TUZ(JUP) = 0.0D0
ALPHA(JUP) » (0.D0,0.D0) |
CALL GETLAM(DENS(JUP), VISC,W RATIOM),LAMBDA)
LAMBDT = DSQRT(NPR) * LAMBDA
IF (SECTYP(I) EQ.OPENTU") THEN
CALL FTUBE(LAMBDA FLAM(JUP))
- CALL FTUBE(LAMBDT FLAMT(JUP))
- CALL WNTUBE(LAMBDA, W.SPEED,K(JUP))
. CALL FCYL(LAMBDA FLAM(JUP)) .
. CALL KCYL({LAMBDT,FLAMT(JUP)

T. CALL WNHEX(FLAMT(JUP) FLAM(JUP),W SSPEED, K(JU P)
, *OTHERWISE, THE TUBE SECTION IS A HEAT EXCHANGER. FIND ITS GEOMETRY.

ELSE IF (SECTYP(N).EQ. HEXCH) THEN

IP (ETYPE(D.EQ.RECT) THEN _
CALL FRECT(ASPECT(M),LAMBDA,FLAM(UP))
CALL FRECT(ASPECT(D),LAMBDT FLAMT(JUP))

CALL FSUT(LAMBDT FLAMT(UP))

- ELSE

STOP

*  ANERROR ON THE INPUT OF ETYPE(T) HAS OCCURLD.

ENDIF,
B(E'Ablé. WNHEX(FLAMT (JUP).ﬂAM(JU P).W,&YPEED.K(JUP))
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COMDEN(JUP)=DENS(JUPYFLAM(JUP)

ZINT = COMDEN(UP) * W / ( K(JUP) * POROUS(JUP) )
AR = K(JUP) * DSUB(JUP)

SN = CDSIN(AR)

CS = CDCOS(AR)

DO 60 J=JUP,JLOW, -1

INSTAK())=.FALSE.

DENS(I)~DENS(JUP)

TAVE(D=TAVE(UP)

T0Z(J) = TOZ(JUP)

POROUS(J)=POROUS(JUF)

ALPHA()) = ALPHA(JUP)

FLAM() = FLAM(UP)

FLAMT()) = FLAMTUUP)

KQ) = KGUP) |

COMDEN()) = COMDEN(/UP)

DSUB()) = DSUB(JUP)

CALL ZPTRAN(ZINT,SN,CS,Z(J+ 1).Z(3),P1J+1),P1(3)

60 CONTINUE

.

ELSE IF (SECTYP(I).EQ.STACK) THEN
IMPEDANCE

TRANSLATE FOR THE STACK SECTIONS.

NSI wlolJP)-(l'RGHd) - TLEFT(1))/ DELEM(D)

DO 70J=JUPJLOW,-1

INSTAK(D)=.TRUE.

NSaNS+1

TNS = TRGH(I) - (TRGH(D) - TLEFT(D)) * DFI.DAT(NS)
. / DFLOATINUMLAY(D)

TNSM! = TRGH(D) - (TRGH() - TLEFT(D)) * DFLOAT(NS-1)
. / DFLOATINUMLAY(D))

TAVE()) » (TNS + TNSM1)/2D0

POROUS(J) = POROUSJUP)

DSUE(}) = DSUB(JUP)

T0Z(J) = TOZOUP)

¢ START THE RUNGE-XUTTA

CALL STAKPM(ETYPE(T),W,POROUS()),PAMB,TNSM1,T0Z(J),DENS(J),
2 RATIO(),ASPECT().FLAMQ),FLAMT().ZETA ALPRIM.ZINT)
CALL DERIVS(ZE!‘A.ZINT.ALPRMP!(J#IWJN).DPDZ.D@Z) ,
K1 « -DSUB(J)*DPDZ
M1 = -DSUB())*DZD2Z
P1(J) = P1(J+1) + K112D0
Z(N) =Z(J+1)+ M172D0
CALL STAKPM(ETYPE(D),W,POROUS(J),PAMB TAVE(J).T(Z(J),DENS(I).
2 RATIOM),ASPECT(D) FLAM()), FLAMT(J). ZETA, ALPRIM,ZINT)
CALL DERIVS(ZETAZINT,ALPRIM.P1(3),Z()),DPDZ,DZDZ)
K2 = -DSUB(J)*DPDZ
M2 = -DSUB(J))*DZDZ
P1(J) = P1(J+1) + K22.D0 .
Z0) =Z(+1)+ M22D0
CALL DERIVS(ZETA ZINT,ALPRIM,P1 (MJ).DPm
K3 « -DSUB())*DPTZ :
M3 «-DSUB()*DZZ
P1() = P1(J+1) + K3
Z() =Z(J+1)+M3 '
CALL STAKPM(ETPB(I).W,POROUS(J).PAMB TNS MD,DENS(.D.
2. RATIO(),ASPECT(N),FLAM(J),FLAMT(]).ZETA,ALPRIM.ZINT)
CALL DERIVS(EI'A.Z!NT.ALPRM.P! .2, DPDZ.DZDZ)
K4 = -DSUB())*DPDZ
‘M4 « -DSUB(J)*DZDZ

- P1(J) = P1(J+1) +» (K1+2.D0*K2+2.D0*K3+K4)/6.D0

D) = 2J+1) + (M14+2.D0°M2+2.D0*M3+M4)/6.D0
CDMDEN(D-DENS(MLAM(J)
ALPHA()) = ALPRIM

7OCONT!NUB'
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ELSE '
* AN ERROR ON INPUT OF SECTYP HAS OCCURED.

STOP

ENDIF
40 CONTINUE
* THE IMPEDANCE IS NOW KNOWN AT ALL SPOTS IN THE TAE
* GET THE ACOUSTIC PRESSURE, ZCOOR, WORK AND HEAT FLUXES.
* ZCOOR(1) = 0.0D0

IF (TERMIN.EQ.INFIN) THEN

TFUN =. 1.DO/P1(1)
ELSE
TFUN = (0.D0,-1.D0) * W * Z(1) * DDRIiVE/PI(1) -

ENDIF ! TERMIN.EQ.INFIN' CONDITIONAL.

P1(1) = TFUN * PI(1)
* CALL WFLOW(PI(I),Z(I),WZ(I))
DO 20 J=1,NUMTOT-1
P1(J+1) = P1(J+1) * TFUN
ZCCOR(J+1) « ZCOOR()) + DSUB(D)
CALL WFLOW{P1(J+1),Z(J+1),W2(J+1))
CALL QFLOW(POROUS()),P1(1).Z(D), FLAM(J), FLAMT(J),W,
* DENS(J),T0Z(J),KGAS,KSOLID,Q2()))

CONTINUE

J = NUMTOT-1
CALL QFLOW(POROUS(),P1(J+ l).Z(Jd).Fl.AM(D.FI.AMl‘(J).
. DENS(J)), TOZ()),KGAS KSOLID,Q2(NUMTOT))
DO 81 J=1 NUMTOT
Q2N = Q) * ARES |
*81 WU = W2))* ARES
* THE SIGN OF Z(1) WAS CHANGED ON 8-12-91. THE IMPEDANCE LOOKING TO
* THE RIGHT HAS TO BE EQUAL TO MINUS THE IMPEDANCE LOOKING TO THE LEFT
* AND THE MINUS SIGN COMES FROM THE DIRECTION OF PARTICLE VELOCTTY. -
FOFW « SQRI * CDSQRT(DENS(1)**3 * SSPEED**4 * NPR / (W*VISC) ¥
* (GAMMA-1D0O) + Z(1)
FPLUS « FOFW-2D0 * Z(1)
RETURN ‘
END

'....8....

0000000000000 0098008803000300000000000090080800000080088000900900008SRINS

* SUBROUTINE CHANGE. USED TO INSERT A NUMBER INTO A LINE OF A
* SEQUENTIAL FILE.

.‘.....O....‘..'...“....“...‘...““.C.O‘O..‘.'OQ.‘O..'O‘..‘.'O‘..O..

SUBROUTINE CHANGE(FNUM,LNUM,TO)
INTEGER FNUM,LNUMJ '
CHARACTER*80 LINE

1  FORMAT(A80)
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REWIND(FNUM)
RETURN
END
I““‘....‘...‘..‘......‘........‘.‘...‘.‘""‘“‘““..‘.."“.....t‘t.
* PROGRAM : EVALUATE TAE FOR A RANGE OF PARAMETERS.
* VERSION EXPLICITELY FOR THE UMTAE.
* PAT ARNOTT, 22 MARCH 1991, MOD 11-15-91.
* DETERMINES THE STABILITY CURVE FOR THE FIRST TWO MODES ASA chnON
* OF THE AMBIENT PRESSURE. INCLUDES FINITE WALL POROSITY IN THE STACK.
......Ot‘.“““t.‘.....“.‘00..‘.".0.‘.‘.‘“.‘."0“.0.‘0..‘.‘...“..
PROGRAM UMTAE2 ‘
* VARIABLES USED TOGET THE Q.
REAL*8 AMPLIT(2000),FREQU(2000),QUAL RESFRE,RESOLD, QOLD
REAL"*S QOLD2, TOLD2,RSOLD2, TOLD
* VARIABLES RETURNED FROM TAE.
REAL*S FREMIN,FREMAX FOEST
INTEGER NUMFRE
* LOCAL VARIABLES TO THE MAINLINE...............
REAL*S PAMB,PMIN,PMAX. TMIN
REAL*8 TRGH,TONSET,PLTWOPLTEST,TESTF,TNOLD, TNOLDZ
INTEGER ITRGH,PLOTN IFREQ,NTIMES,NPAMBS NPRESS, MODE
COMPLEX*16 W, WNEW,FOFW ,DFOFW,FOFWPE,WPEW EPSIL .
COMPLEX*16 FPLUS,DUMB,WMEW,FOFWME,WCOKR,WSTART
* DEFINE THE VARIABLE FOR THE OUTPUT COMMON BLOCK.
PARAMETER (Na5000)
REAL*S Q2(N), W2(N),ZCOOR(N)
COMPLEX*16 Z(N),PI(N)
LOGICAL INSTAK(N)
- COMMON /OUTPUT/ P1,Z,Q2, W2 ZCOOR,INSTAK
* PRELIMINARIES.
Pl » 4.D0 * DATAN(1.D0)
TWOP1 = 2D0 * P1 ,
* SET UP THE AMBIENT PRESSURE LOOP........
PMIN = 2.00DS
PMAX = 8.0DS
PMIN « DSQRT(PMIN)
PMAX = DSQRT(PMAX)
NPAMBS=16
* SET UP THE MODE LOOP......cccorernene
DO 18 MODE=22
IF (MODE.EQ.2) THEN
TMIN = 603.D0
ELSE
TMIN = 403.D0
ENDIF
DO 17 NPRI-'.*:S-M.NPAMBS
WCORR « (3151.633184D0, -6‘7 817894300)/(3152.921137D0 -66. 73400)
PLOTN«0 ‘
QUAL.30.D0
PAMB = m¢mxmm°onmrmmmnm7mm
PAMB » PAMB*PAMB
. mpoummmmmmnous.... -
DO 10 n‘xca-m'rcmm).lm.zo
EPSIL« 1.D8

CALL CHANGE(2.56,TRGH)

CALL CHANGE(2.59,TRGH)

CALL CHANGE(,34,TRGH)

PLOTN « PLOTN + 1 Co
CALL TAE(FREMIN FREMAX NUMFRE,FOEST)
FOEST » FOEST*DFLOAT(MODE)
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' |
'

WRITE (*,111) FOEST |
111  FORMAT( RESONANT FREQUENCY ESTIMATE FROM OPL",F9.3)
* - IF (PLOTN.NE.1) FREMIN = RESFRE*(1.D0 - 0.5D0 / QUAL)
* START THE COMPLEX EIGENFREQUENCY ALGORITHM WITH THE DRIVEN SYSTEM Q.
IF ((QUAL.LT.200.D0).AND.((QUAL.GT.0.D0).AND.(PLOTN.LT.7))) THEN
DO 100 IFREQ=1,NUMFRE
IF (NUMFRE.EQ.1) THEN
FREQ = FREMIN
ELSE
. FREQ = FREMIN + (FREMAX-FREMIN)*DFLOAT(IFREQVDFLOAT(NUMFRE- 1)
" ENDIF
FREQuFREQ*DFLOAT(MODE)
W = TWOP! * FREQ
CALL TAE1(W,FOFW,FPLUS,PAMB)
AMPLIT(IFREQ)=CDABS(P1(1))
100 FREQU(IFREQ)= FREQ .
+ GET THE Q AND RESONANT FREQUENCY USING THE CONSTANT AMPLIT DRIVER
.+ RESPONSE.
CALL QUAFAC(AMPLIT,FREQU,QUAL.RESFRE)
WRITE (29,1010) RESFRE,QUAL TRGH-293.D0
WRITE (27,*) TRGH-293.D0,1.DO/QUAL
WRITE (28,*) TRGH-293.D0,RESFRE
WRITE (*,1010) RESFRE.QUAL,TRGH-293.0
1010 FORMAT( ROTE: RES FREQ="F9.3,' Qe'",F.3, DELTAT~"F93, K)
ELSE ! LINEARLY INTERPOLATE TO GET A START FOR QUAL AND RESFRE.

- UQUAL AND RESFRE ARE ASSUMED TO BE LINEAR INDELTAT.

QUAL~1.DOQOLD+QOLD-QOLDY) ‘(RGH-'I'OLD)/((TOIDZ-TOLD) *QOLD2*QOLD)
QUAL = 1.D0/QUAL
RESFRE= RESOLD + (RSOLD2-RESOLD)*(TRGH-TOLDY(TOLD2-TOLD)
END IF ! THIS ENDS THE INITIAL SEARCH FOR A START Q AND RESFRE.
* NOW GET THE COMPLEX EIGENFREQUENCY FOR COMPARISON.
* INTTIAL GUESS FOR THE NEWTON'S TECHNIQUE OF ROOT DETERMINATION.
w -A'l;lrol’l * RESFRE *(1.D0 - (0.D0,0SDOVQUAL)
W
IF (((MODE.EQ.2).AND.(PLOTN.NE.1)).OR.(MODE.EQ.1)) W = W * WCORR
WRITE (*,*) DREAL(W)/TWOPL-DREAL(WW(2.D0*DIMAG(W))
110 CALL TAE(W,FOFW FI LUSPAMB)
NTIMES=NTIMES+1

WPEW = W * (1.D0 + EPSIL)
WMEW=W*(1.D0-EPSIL)
CALL TAE1(WPEW,FOFrWPE,DUMB,PAMB)

"' CALL TAEI(WMEW,FOFWME.DUMB PAMB)

DPOFW «» (FOFWPE - FOFWME)/ (2.D0 * EPSIL)
WNEW « W - 100.D0 * FOFW / DFOFW
EPSIL = (WNEV - W)*2D-M(WNEW.W)

*  TEST = CDABS((WNEW-WY(WNEW.W))
CDABS(FOFW/FPLUS)

TESTF =

. lP((l'E?TG’l‘l.D-‘)OR.(l'BI'FGI‘lM))‘ﬂEN

[F (TESTF .GT. 1.D-5) THEN

W« WNEW

GOTO 110

ELSE !WWHASBEEWWD.

W« (W + WNEW)/ 2.0

WOORR « W/ WSTART

WRITE (*,*) NTIMES

WRITE (*,*) FOFW

ENDIF ! TEST.GT. OR TESTF.GT CONDITIONAL.
* GET THE Q AND RESONANT FREQUENCY.

RESFRE = DREAL(W)/ TWOP! .
" QUAL = -DREAL(WY(2.DO0 * DIMAG(W)) -

WRITE (39,1011) RESFRE,QUAL,TRGH-293.D0,PAMB

" WRITE (37.*) TRGH-293.D0,1.DO/QUAL

WRITE (38,*) TRGH-293.D0,RESFRE
WRITE (°.101 l) RESFRE.QUAL. I'RGH-293 DO.PAMB
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1011 FORMAT( EIG: F0',F9.3, Q' F9.3, DT',F9.3, K’y PAMB'"F10.2)
* DETERMINE [F ONSET HAS BEEN ACHIEVED: [F SO, GEI'DTANDRESFRE.NDCI?
IF (PLOTN EQ. 1) THEN
RESOLD = RESFRE
QOLD =QUAL
TOLD =TRGH
ELSE .
IF (QOLD*QUAL .LT. 0.D0) THEN
' INTEKPOLATE TO GET THE ONSET DELTAT.
TONSET = TOLD + (TRGH - TOLD)(1.00 - QOLD/QUAL)
WRITE (44,*) PAMB, TONSET-293.D0, MODE
WRITE (*,1117) PAMB, TONSET-293.D0,MODE
1117 FORMAT( AMBIENT PRES 'F10.2.' ONSET DELTAT.F9.3, MODE:13)
. GoTO17
'ELSE  "!RESET OLD PARAMETERS TO NEW PARAMETERS.
RSOLD2 = RESOLD
QOLI2 = QOLD
TOLD2 =TOLD
RESOLD = RESFRE
QOLD =QUAL

END
MAINLINE USED TO COMPUTE THE RESONANT FREQUENCY AND
QUALITY FACTOR CURVES.

..‘...“.“...‘..“...."....‘..‘.O‘...‘...‘0...‘..‘...0.‘..."‘O..‘...‘
* ¢ PROGRAM : EVALUATE TAE FOR A RANGE OF PARAMETERS.
* VERSION EXPLICTTELY FOR THE UMTAE.
* PAT ARNOTT, 22 MARCH 1991, MOD 11-15-91.
» DETERMINES THE STABILITY CURVE FOR THE FIRST TWO MODES AS A FUNCTION
* OF THE AMBIENT PRESSURE. INCLUDES FINITE WALL PORGSTTY IN THE STACK.
* PROGRAM USED TO DETERMINE THE Q AND RESFRE OF THE UMTAE VS TEMPERATURE
..‘0.“........‘.....“O.‘.“......‘......‘......‘..‘0‘.‘..‘...'.0.‘.‘.
PROGRAM UMTAE2
¢ VARIABLES USED TO GET THEQ.
REAL*S AMPLIT/2000), FREQU(2000),QUALRESFRE,RESOLD,QOLD
- REAL*S QOLD2,TOLD2 RSOLD2,TOLD
* VARIABLES RETURNED FROM TAE
. REAL®S FREMIN FREMAX,FOEST
INTEGER NUMFRE
¢ LOCAL VARIABLES TO THE MAINLINE. ...
REAL*$ PAMB,PMIN,"MAX.TMIN -
REAL®S mmmnmnmmmmmm
INTEGER ITRGH,PLOTN IFREQ NTIMES,NPAMBS,NPRESS. MODE
COMPLEX®16 W,WNEW,,FOFW, DFOFW,FOFWPE,WPEW EPSIL
COMPLEX*16 FPLUS,DUMB,WMEW,FOFWME, WCORR, WSTART
* DEFINE THE VARIABLE FOR THE OUTPUT COMMON BLOCK.
PARAMETER (N=S5000)
REAL'S Q2(N),W2(N),ZCOOR(N)
COMPLEX*16 Z(N).P1(N)
. LOGICALINSTAK()’
" COMMON /OUTPUT/ nz.qz.wz.zcooa.msnx
¢ PRELIMINARIES.
P1 = 4.D0 * DATAN(1.D0)
TWOP! = 200 * PI
* SET UP THE AMBIENT PRESSURE LOOP......
PMIN = 1.73D5
PMAX = 1.73DS-




TMIN = 293.00
NPAMBS=1
,* SET UP THE MODE LOOP.......ccoevornn.
DO 18 MODE=22
DO 17 NPRESS=1,NPAMBS _
WCORR = (3151.633184D0,-67.8175943D0)/(3152.921237D0,-66.734D0)
PLOTN =0
QUAL=30.00
PAMB = PMIN + (PMAX-PMIN) * DFLOAT(NPRESS) / DFLOAT(NPAMBS)
* HOP ON THE TEMPERATURE CALCULATICNS......
DO 10 [TRGH=INT(TMIN),1593,20 .
EPSIL « 1.D-8
NTIMES=0
TRGH = DFLOAT(TRGH)
CALL CHANGE(2.28,TRGH)
CALL CHANGE(231,TRGH)
CALL CHANGE(2.56,TRGH)
CALL CHANGE(2.59,TRGH)
CALL CHANGE(2,34,TRGH)
PLOTN = PLOTN + |
CALL TAE(FREMIN
FOEST = FOEST*DFLOAT(MODE)
WRITE (*,111) FEST
111  FORMAT! RESONANT FREQUENCY ESTIMATE FROM OPL",F9.3)
* IF (PLOTN.NE.]) FREMIN = RESFRE*(1.00 - 0.5D0/ QUAL)
* START THE COMPLEY, IGENFREQUENCY ALGORITHM WITH THE DRIVEN SYSTEM Q.
IF (QUAL.LT.200.D0) AND.(QUAL.GT.0.D0)) THEN
DO 100 [FREQ=1 NUMFRE
[F (NUMFRE.EQ.1) THEN
FREQ = FREMIN

ELSE |
g.%;nm,mmxm-mrmsoymAmmn

FREQ=FREQ*DFLOAT(MODE)

W « TWOP1 * FREQ

CALL TAE1(W,FOFW FPLUS,PAMB)
AMPLIT(IFREQ)=CDABS(P!

a
100 FREQU(IFREQ) = FREQ
-mmmmmmmmmmm
CALL QUAFAC(AMPLIT FREQU,QUALRESFRE)
(29,1010) RESFRE,QUAL,TRGH-293.D0
(27,*) TRGH-293.00,1. DOQUAL MODE
(28,*) TRGH-293.D0,RESFRE.MODE
_ (*,1010) RESFRE,QUAL.,TRGH-293.00
1010 FORMAT( ROTE: RES FREQe" /.3, Q=" /.3, DELTAT="F9.3, K)
ELSE | | LINEARLY INTERPOLATE TO GET A START FOR QUAL AND RESFRE.
* QUAL AND RESFRE ARE ASSUMED TO BE LINEAR INDELTAT.
QUAL1.D0QOLD+QOLD-QOLDZ2)*(TRGH- TOLDW(TOLD2-TOLD)*QOLD2*QOLD)
QUAL = 100/ QUAL T : ,
RESOLD + (RSOLD2-RESOLD)*(TRGH-TOLDV(TOLD2-TOLD)
END IF ! TH.S ENDS THE INITIAL SEARCH FOR A START Q AND RESFRE.
. THE COMPLEX EJGENFREQUENCY FOR COMPARISON.
. GUESS FOR THE NEWTON'S TECHNIQUE OF ROOT DETERMINATION.
m ODE.EQ.2). AND.((QUAL.GT.100.D0).OR.(QUAL.LT.0.D0)))
{ THE ROUTINE IS OK FOR THE HIGHER MODE.... GO AHEAD
vv’/s; ?;;nasmmno (0.00,0.5D0YQUAL) ‘
m DE.EQ.2).AND.(PLOTN.NE.1)).OR.(MODE.EQ. mw W * WCORR
(%) DREAL(WYTWOPL-DREAL(W)(2.D0*DIMAG(W))
uo CALL TAE1(W FOFW FPLUS,PAMB)
NTIMES=NTIMES+1 :
« W *(1.D0 + EPSIL)
WMEW = W * (1.D0. EPSIL)
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CALL TAEI(WPEW FOFWPE,DUMB,PAMB)
" CALL TAE1(¥WMEW FOFWME,DUMB,PAMB)
DFOFW = (FOFWPE - FOFWME)/ (2.D0 * EPSIL)
. WNEW a W - 100.D0 * FOFW / DFOFW
EPSIL = (WNEW - W)*2D-4/(WNEW+W)
* TEST a CDABS((WNEW-WY(WNEW.W))
TESTF = CDABS(FOFW/FPLLUS)
* IF((TEST .GT. 1.D-4) .OR. (TESTF .GT. 1.D-%)) THEN
IF (TESTF .GT. 1.D-5) THEN
W = WNEW
GOTO 110 L
ELdS ! COMPLEX EIGENFREQUENCY HAS BEEN FOUND.
W a (W + WNEW)/2.D0
WCORR = W/ WSTART .
WRITE (*,*) NTIMES
WRITE (*,*) FOFW
ENDIF .1 TEST.GT. OR TESTF.GT CONDITIONAL.
* GET THE Q AND RESONANT FREQUENCY.
RESFRE = DREAL(W)/ TWOP1
QUAL = -DREAL(W)/(2.D0 * DIMAG(W))
WRITE (39,1011) RESFRE,QUAL,TRGH-293.D0,PAMB
WRITE (37,*) TRGH-293.D0, 1. DWQUAL MODE
WRITE (38,*) TRGH-293.DO,RESFREMODE
WRITE (*,1011) RESFRE,QUAL,TRGH-293.D0,PAMB
1011 FORMAT( EIG: F0,.F9.3, Q',F9.3,' DT, F9.3,” K", PAMB',F10.2)
* DETERMINE [F ONSET HAS BEEN ACHIEYED: [F SO, GET DT AND RESFRE, NEXTP
IF (PLOTN .EQ. 1) THEN
RESOLD = RESFRE .

QOLD =QUAL
TOLD =TRGH
ELSE L
IF (QOLD*QUAL LT. 0.00) THEN
INTERPOLATE TO GET THE ONSET DELTA T. .
TONSET = TOLD + (TRGH - TOLDW(1.D0 - QOLIVQUAL;
wnm; (44,%) PAMB,TONSET-293.D0 MODE
WRITE (°,1117) PAMB, TONSET-293.D0,MODE
1117 FORMAT( AMBIENT PRES ‘F10.2,' ONSET DELTAT'F9.3,' MODE.I3)
GOTO17
ELSE  !RESET OLD PARAMETERS TO NEW PARAMETERS.
RSOLD2 = RESOLD
QOLIR - QOLD
TOLD2 = TOLD
RESOLD = RESFRE
QOLD «QUAL
TOLD «TRGH
* ENDIF  |ONSET CONDITIONAL
ENDIF PLOTN EQ. 1
ENDFF - 1 CONDITIONAL ON MODE.EQ2 AND Q>100.
10 CONTINUE 1 TEMPERATURE LOOP INCREMENT
TNOLD2-TNOLD .
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hot TAE  cold | |
heat (or heat
a) exch stack) excin

2

exposed view of a thermoacoustic element

single arbitrary-perimeter tube of a thermoacoustic element

~ Figure 1. a) Generic arrangement used in thermoacoustic heat engines. b) Ancxposed view
of a thermoacoustic element consisting of a parallel combination of square capillary tubes.
¢) A single arbitrary-perimeter capillary tube for use in a thermoacoutic element.




" Figure 2. a) Parallel plate, b) circular, ¢) mcnnguhr and d) equxlatcral -
‘ triangular captllary tube geometries ,
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Figure 3. Lagrangian view of a fluid parcel in a standing wave near a boundary.
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Figure 4.’ Magixitude and phase of the excess temperature between par_éﬂ‘e_l platés.
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l —=- circular - i
| = = square * o
. — parallel plates : ' !
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14

Figuic’ 5. Real and Imaginary part of the F(A) different pore geometries.
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THERMOACOUSTIC

PRIME MOVER
L = 20.96 cm
R=432cm

Q=074 L=1.638cm R=165mm

Q=0.73

L=4020cm R=0.77 mm

Q=074 M| =1610cm R=1.65mm

L=4445cm
R=432cm
Z
A
5  |MIC1 ]
a8 |
%J-h MIC 2
_/SPEAKER

Figure 6. Demonstration thermoacoustic oscillator and analysis impedance tube.
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Figure 8. Imaginary part of the specific acoustic impedance.
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** Figure 9. Prime mover sound spectrum for onset AT = 176 K and a higher AT = 209 K.
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R=4281cm

L =23.07cm
w=1
. ' R= 0.77 mm
- - L=508cm
. »=0.69
R=4261cm
L=1290cm
» = 0.995
DEFINITIONS:
R = 2 pore area / pore perimeter
L = length of section

' indicated figure.
Hotend is brass.
Heat exchangers are copper.

Cold end is aluminum.
DESIGN CRITERIA:

pressure and helium gas.

F_igufe 13. Sca'.le drawing for the fundamental and first harmonic for the UM TAE.
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‘Stack is ceramic with steel boundary.

Try to achieve a minimal IT for onset of .
acoustic oscillation for 3 atm ambient

R=1.118 mm
L=1814cm
.= 0.64

. = porosity of section relative to the largcst
area clement, the hot end in this case.
Pore cross-sectional shape ngcn by the
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